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PRESENT  STATUS  OF  SUBGRADE  SOIL  TESTING 

BY  THE  DIVISION  OF  TESTS,  UNITED  STATES  BUREAU  OF  PUBLIC  ROADS 

Reported  by  C.  A.  HOGENTOGLER,  Highway  Engineer;  Dr.  CHARLES  TERZAGHI,  Research  Consultant;  and  A.  M.  WINTERMYER,  Senior  Engineering 

Aide 


FROM  time  to  time  the  Bureau  of  Public  Roads 
has  felt  compelled  to  change  its  subgrade  testing 
procedure  for  the  purpose  of  increasing  the  value 
of  the  results  obtained  from  its  laboratory  work.  To 
prevent  any  misunderstanding  arising  from  changes 
in  test  or  test  procedure,  it  seems  desirable  to  review 
the  present  status  of  soil  testing  and  to  explain  the 
reasons  which  have  led  to  modifications  of  tests. 

There  were  several  reasons  for  these  changes.  First, 
there  seemed  to  be  an  overlapping  since  certain  tests 
disclosed  properties  which  were  shown  by  other  tests 
in  different  terms.  Results  of  certain  tests  were  com- 
plex in  meaning  and  difficult  to  interpret.  Other  tests 
were  influenced  by  the  personal  equation  of  the  opera- 
tor or  were  undesirable  because  of  the  length  of  time 
required  to  make  them. 

Second,  the  conception  of  the  purpose  of  soil  testing 
has  changed.  Originally  the  purpose  in  making  soil 
tests  was  to  obtain  direct  information  on  the  behavior 
of  subgrade  soils  in  the  field.  Certain  tests  (capillary 
moisture,  water  capacity,  moisture  equivalent,  field 
moisture  equivalent)  were  intended  to  show  how  much 
water  a  subgrade  soil  would  take  up  or  retain  when 
subjected  to  certain  conditions.  Other  tests  (volu- 
metric change,  lineal  shrinkage)  were  intended  to  deter- 
mine the  shrinkage  which  occurred  when  the  moisture 
content  of  the  sod  was  reduced  from  one  of  the  above 
values  to  zero. 

Unfortunately,  experience  has  disclosed  the  fact  that 
the  reaction  of  cracked  and  crumbled  soils  in  the  field 
can  be  different  from  that  of  soils  specially  prepared 
for  laboratory  tests.  Information  furnished  by  field 
surveys  indicates  that  road  failures  are  dependent 
upon  surrounding  conditions  (location  in  cut  or  fill, 
drainage,  climate,  etc.)  as  well  as  the  type  of  soil, 
and  that  failures  may  occur  on  what  are  considered 
good  subgrade  soils  if  certain  conditions  are  present, 
and  likewise  failures  can  be  prevented  on  the  worst  of 
subgrade  soils  by  eliminating  undesirable  conditions. 
Thus  soil  tests  alone  can  not  show  whether  a  road 
surface  will  or  wdl  not  fail.  They  can  only  indicate 
the  existence  of  the  probability  of  failure  and  their 
function  is  limited  to  finding  out  whether,  and  to  what 
degree,  the  raw  materials  of  soils  encountered  in  dif- 
ferent localities  are  similar. 

OBJECT  OF  REPORT  TO  GIVE  ENGINEER  CONDENSED  REVIEW  OF 
SOIL  TESTS 

At  present  laboratory  soil  tests  are  made  solely  to 
give  information  on  the  make-up  of  the  soil  as  regards 
size  of  grain,  shape  of  grain,  uniformity,  chemical 
composition,  organic  content,  and  colloidal  content. 
Such  tests  are  being  used  in  conjunction  with  the 
subgrade  and  pavement  surveys  now  being  made  by 
the  United  States  Bureau  of  Public  Roads  with  the 
assistance  of  the  United  States  Bureau  of  Soils.  In 
this  work  the  field  identification  of  soils  is  made  in 
accordance  with  the  classification  of  the  latter  organ- 
ization and  is  based  primarily  on  structure  of  soil 
in  the  field  and  grain  size.  It  is  hoped  that,  for 
engineering   purposes,    the    results    of    the   laboratory 


tests  will  make  possible  the  grouping  of  the  thousands 
of  soil  types  which  were  necessary  for  agricultural 
purposes  into  a  comparatively  small  number  of  classes 
with  numerical  limits. 

The  research  on  which  to  base  this  grouping  of  soils 
for  engineering  purposes  consists  of  two  parts,  as  follows : 

1.  An  analysis  and  correlation  of  results  of  tests  on  natural 
soil  samples  from  all  parts  of  the  United  States,  supplemented 
by  only  a  few  results  of  tests  on  synthetic  soil  samples. 

2.  A  supplementary  investigation  now  in  progress  to  throw 
additional  light  on  some  of  the  indications  found  under  the  first 
head.  This  second  part  of  the  work  involves  a  large  number  of 
tests  of  synthetic  samples  obtained  by  adulterating  a  small 
number  of  representative  soils  with  various  percentages  of  organic 
matter,  colloids,  mica  grains,  and  sand  grains  having  different 
sizes  and  shapes. 

This  report  concerns  only  the  first  part  of  the  work, 
and  its  purpose  is  to  supply  the  highway  engineer  with 
a  complete  list  of  the  soil  constants  furnished  by  the 
various  tests  of  the  bureau,  and  to  give  him  a  con- 
densed review  of  the  properties  expressed  by  these 
constants  according  to  the  present  state  of  our  knowl- 
edge and  to  illustrate  the  statements  with  numerical 
data. 

The  report  concerns: 

I.  Soil  constants  furnished  by  the  early  subgrade 
tests  of  the  Bureau  of  Public  Roads. 

II.  Data  furnished  by  the  Rose  tests. 

III.  Data  furnished  by  the  Atterberg  tests. 

IV.  Data  furnished  by  the  Terzaghi  tests. 

V.  Significance  of  the  various  tests. 

VI.  Interrelationship  of  results  of  the  different  tests. 

VII.  Selection  of  simplified  tests  for  laboratory 
procedure. 

VIII.  Conclusions. 

The  soil  tests  originally  used  by  the  bureau  were 
known  as  mechanical  analysis,  capdlary  moisture, 
moisture  equivalent,  volumetric  change,  dye  adsorp- 
tion, and  slaking  value  tests.  At  a  later  date  the  Rose 
tests  were  adopted  for  field  investigations  in  several  of 
the  Western  States.  Then  the  Atterberg  consistency 
tests  came  under  consideration  and  finally  the  Terzaghi 
tests  were  introduced  as  a  means  for  a  more  thorough 
physical  interpretation  of  the  results  of  current  or  of 
prospective  routine  tests.  These  tests  have  all  been 
described  in  previous  publications.1  The  following 
paragraphs  merely  represent  a  brief  review  of  what  has 
already  been  published  about  these  different  tests. 

EARLY  SUBGRADE  TESTS  REVIEWED 

1.  The  mechanical  analysis  originally  served  for 
dividing  the  soil  into  three  fractions,  viz,  clay  with 
particles    smaller    than    0.013    mdlimeters,    silt    with 

'  Procedure  for  Testing  Subgrade  Soils,  by  J.  R.  Boyd,  Public  Roads,  vol.  6,  No. 
2,  April,  1925. 

Practical  Field  Tests  for  Subgrade  Soils,  by  A.  C.  Rose,  Public  Roads,  vol.  5, 
No.  6,  August,  1924. 

Adaptation  of  Atterberg  Plasticity  Tests  for  Subgrade  Soils,  by  A.  M.  Wintermyer 
Public  Roads,  vol.  7,  No.  6,  August,  1926. 

Simplified  Soil  Tests  for  Subgrade  Soils  and  Their  Physical  Significance,  by  Dr. 
Charles  Terzaghi,  Public  Roads,  vol.  7,  No.  8,  October,  1926. 

Principles  of  Final  Soil  Classification,  by  Dr.  Charles  Terzaghi,  Public  Roads, 
vol.  8,  No.  3,  May,  1927. 

The  Slaking  Value  Test,  by  Prof.  F.  H.  Eno,  Proceedings  Highway  Research 
Board,  1926. 
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particles  0.013  to  0.074  millimeters,  and  sand,  0.074  to 
1.651  millimeters.  The  limits  of  the  fractions  were 
selected  arbitrarily  and  were  independent  of  any 
precedent.  Later  the  sizes  for  these  fractions  were 
changed  to  conform  with  the  more  satisfactory  prac- 
tice of  the  United  States  Bureau  of  Soils  in  which  the 
clay  particles  are  less  than  0.005  millimeter,  silt  ranges 
from  0.005  to  0.05  millimeter,  and  the  sand  particles 
are  larger  than  0.05  millimeter. 

2.  The  moisture  equivalent 2  represents  the  percentage 
of  water  (based  on  the  dry  soil  weight)  retained  by  a  sat- 
urated soil  specimen  (5  grams  dry  weight)  after  having 
been  subjected  to  a  centrifugal  force  of  one  thousand 
times  gravity.  This  procedure  differs  from  that  used 
by  the  Bureau  of  Soils  inasmuch  as  the  Bureau  of  Soils 
uses  a  25-gram  sample.  Owing,  however,  to  difference 
in  the  size  of  containers  used,  the  initial  thickness  of 
the  soil  layer  (1  centimeter)  is  the  same  for  both  the  5 
and  the  25  gram  samples.  In  special  determinations, 
the  Bureau  of  Soils  has  used  a  centrifugal  force  con- 
siderably in  excess  of  one  thousand  times  gravity. 

3.  The  capillary  moisture  is  the  percentage  of  water 
(based  on  the  dry  weight  of  the  soil)  which  a  specimen 
of  dry  soil,  10  centimeters  high,  in  a  glass  tube  25  milli- 
meters in  diameter,  takes  up  when  the  bottom  of  the 
soil  is  immersed  in  water. 

4.  The  volumetric  change  3  is  the  percentage  of  volume 
change  which  occurs  when  the  moisture  content  of  the 
specimen  is  reduced,  by  evaporation,  from  a  standard 
moisture  content  to  zero.  The  standard  moisture 
content  was  made  equal  to  either  the  capillary  moisture 
or  the  moisture  equivalent  percentage.  Originally,  the 
volume  change  percentage  was  based  on  the  wet  volume 
of  the  soil  and  later,  on  the  dry  volume  of  the  soil. 

5.  The  dye  adsorption  number  indicates  the  amount 
of  analine  dye  (methyl  violet)  which  is  adsorbed  by 
the  soil  specimen. 

6.  Theslaking  value  indicates  the  rapidity  with  which  a 
dry  soil  cylinder  disintegrates  when  immersed  in  water. 

DATA  FURNISHED  BY  THE  ROSE  TEST 

7.  The  Held  moisture  equivalent  value  is  the  minimum 
percentage  of  water  at  which  the  soil  refuses  to  absorb 
a  drop  of  water  placed  on  the  smoothed  surface  of  the 
sample. 

8.  The  lineal  shrinkage  value  i  is  the  percentage  of 
reduction  in  the  length  of  a  soil  bar  (based  on  the  wet 
length)  when  the  moisture  content  is  reduced  from  the 
field  moisture  equivalent  percentage  to  zero. 

DATA  FURNISHED  BY  THE  ATTERBERG  TESTS 

The  Atterberg  tests  were  introduced  some  15  years 
ago   by  A.    Atterberg,    of   Kolmar,    Sweden,    for    the 

2  The  Moisture  Equivalent  of  Soils,  by  Lyman  J.  Briggs  and  John  W.  MeLane, 
U.  8.  Bureau  of  Soils  Bulletin  No.  45,  1907. 

The  Wilting  Coefficient  for  Different  Plants  and  Its  Indirect  Determination,  by 
Lyman  J.  Briggs  and  II.  L.  Shantz,  U.  S.  Bureau  of  Plant  Industry  Bulletin  No. 
230,  1912. 

Use  of  Moisture  Equivalent  for  the  Indirect  Determination  of  the  Hygroscopic 
Coefficient,  by  Frederic  J.  Alway  and  Jouette  C.  Kussel,  Jour.  Agr.  Research,  vol.  6, 
No.  22,  1916. 

Relation  of  the  Mechanical  Analysis  to  the  Moisture  Equivalent  of  Soils,  by  Alfred 
Smith,  Soil  Science,  vol.  4,  1917. 

The  Moisture  Equivalent  in  Relation  to  Ihe  Mechanical  Analysis  of  Soils,  by 
Howard  E.  Middleton,  Soil  Science,  vol.  9,  No.  2,  1920. 

3  Volumetric  change  is  the  name  of  a  definite  test  result  (the  volume  change  resulting 
from  reducing  the  moisture  content  from  either  the  capillary  or  moisture  equivalent 
value  to  zero)  and  should  not  be  confused  with  the  term  "volume  change"  used  in 
various  parts  of  the  discussion  and  which  refers  to  no  specific  moisture  content. 

*  Lineal  shrinkage  is  the  name  of  a  definite  test  value  (the  shrinkage  resulting  from 
reducing  the  moisture  content  from  moisture  equivalent  or  field  moisture  equivalent 
value  to  zero)  and  should  not  be  confused  with  the  term  "shrinkage"  which  concerns 
no  specific  moisture  content. 


purpose  of  comparing  the  degree  of  plasticity  of 
different  soils.  They  consist  in  determining  the 
moisture  content  (in  per  cent  of  weight  of  the  dry 
soil)  at  which  a  liquid  soil  passes  successively  into 
the  plastic,  the  semisolid,  and  the  solid  state. 

9.  The  lower  liquid  limit  is  the  minimum  water 
content  of  the  soil  (in  percentage  of  the  weight  of  the 
dry  material)  at  which  a  definite  number  of  repeated 
shocks  exerted  with  a  standard  intensity  will  just 
cause  the  lower  rims  of  a  divided  soil  cake  to  flow 
together. 

10.  The  lower  plastic  limit  is  the  minimum  moisture 
content  at  which  the  soil  can  still  be  rolled  out  into 
threads  with  a  diameter  of  rg-  inch  without  the  threads 
breaking  into  pieces. 

11.  The  plasticity  index  is  the  difference  between  the 
lower  liquid  and  the  lower  plastic  limits. 

12.  The  shrinkage  limit  is  the  minimum  moisture 
content  at  which  the  voids  of  a  drying  soil  are  still 
completely  filled  with  water,  or  (according  to  Atterberg) 
the  maximum  water  content  at  which  a  further  loss 
of  moisture  by  evaporation  is  not  associated  with  a 
corresponding  decrease  of  the  volume  of  the  sample. 
The  water  contents,  which  correspond  to  these  two 
definitions,  are  practically  identical. 

13.  The  shrinkage  ratio  is  the  percentage  of  volume 
change  divided  by  the  percentage  of  moisture  change 
above  the  shrinkage  limit. 

DATA  FURNISHED  BY  THE  TERZAGHI  TESTS 

These  tests  have  been  developed  by  Dr.  Charles 
Terzaghi  for  determining  the  purely  mechanical 
properties  of  the  soil  which  have  a  direct  bearing  on  the 
behavior  of  the  subgrade  under  load  (compressibility, 
expansion,  permeability,  and  elasticity). 

14.  Compressibility  is  measured  by  the  compression 
produced  by  loading  a  laterally  confined,  wet  soil 
specimen  resting  on  a  porous  stone,  through  which  the 
excess  water  can  freely  drain  away. 

15.  The  elastic  expansion  (elasticity)  of  a  soil  is 
measured  by  the  swelling  of  a  laterally  confined  speci- 
men of  wet  soil,  associated  with  removing  a  load 
which  previously  has  acted  on  the  specimen.  During 
the  test  the  water  is  allowed  to  soak  into  the  specimen 
while  swelling  proceeds. 

16.  The  permeability  of  a  soil  is  computed  from  the 
speed  with  which  the  excess  water  drains  out  of  the 
soil,  through  a  porous  stone,  under  the  influence 
of  a  constant  load. 

SIGNIFICANCE  OF  THE  VARIOUS  TESTS  DISCUSSED 

Mechanical  analysis. — The  results  of  this  test  furnish 
information  as  to  the  grain  size  and  uniformity  of  the 
material.  By  changing  only  one  of  these  two  properties 
of  a  soil,  for  instance,  the  average  grain  size  (by  grinding 
the  soil  in  a  ball  mill),  all  of  the  properties  disclosed  by 
other  soil  tests  change.  This  is  particularly  conspicu- 
ous when  the  grain  size  drops  below  about  0.005  milli- 
meter. The  mechanical  analysis,  if  it  is  carried  far 
enough,  and  includes  separation  of  the  fraction  smaller 
than  0.005  millimeter,  discloses  important  soil  proper- 
ties. Unfortunately  such  an  analysis  costs  so  much  in 
tune  and  labor  that  it  can  not  be  used  as  a  routine  test. 
Besides  this,  it  does  not  furnish  any  information  on 
another  important  soil  property,  the  shape  of  the  grains. 
At  equal  grain  size  and  equal  uniformity,  two  soils  may 
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be  very  different,  according  to  the  shape  of  the  soil 
grains. 

In  the  regular  laboratory  tests  of  the  Bureau  of 
Public  Roads,  the  mechanical  analysis  merely  serves  to 
free  the  soils  from  the  coarser  sand. 

Moisture  equivalent. — The  significance  of  the  moisture 
equivalent  is  rather  obscure,  and  the  results  obtained  by 
the  test  depend  to  a  considerable  extent  on  the  test  con- 
ditions. 

With  high  silt  contents,  the  moisture  equivalent  value 
has  been  found  to  depend  on  the  centrifugal  force  em- 
ployed. For  high  clay  contents,  the  test  results  can  be 
-erratic  because  of  puddling  of  water  on  the  surface  of 
the  specimen. 

For  heavy  clays  Joseph  and  Martin  5  found  that  the 
moisture  equivalent  of  a  normal  soil  becomes  smaller 
as  the  weight  of  the  soil  taken  for  the  determination  in- 
-creases.  With  some  soils,  however,  the  reverse  is  true, 
due  to  waterlogging.  Also,  a  soil  may  have  a  high 
moisture  equivalent  without  showing  waterlogging. 

Finally,  it  has  been  observed  with  respect  to  medium 
and  heavy  clays  that  the  moisture  equivalent  decreases 
with  increasing  time  of  centrifuging  at  equal  centrifugal 
force  and  equal  sample  size. 

The  effects  of  the  quantity  of  silt,  the  speed  of 
■centrifuging  and  the  time  of  centrifuging  on  the 
moisture  equivalent  value  have  been  discussed  in 
detail  by  several  investigators.6 

Considering  these  facts,  it  seems  that  the  moisture 
equivalent  represents  a  rather  complex  combination 
of  compression  and  permeability. 

Capillary  moisture. — The  capillary  moisture  is  merely 
a  measure  of  the  volume  of  voids  of  a  soil  sample 
prepared  under  certain  arbitrary  standard  conditions, 
minus  the  void  space  which  permanently  remains  filled 
with  air.  Because  of  the  personal  equation  which 
enters  into  preparing  the  sample,  the  necessity  of 
repeatedly  weighing  the  sample,  and  the  time  required 
for  making  the  test,  the  test  is  not  considered  a  very 
desirable  one. 

Volumetric  change  and  shrinkage  ratio. — The  volu- 
metric change  is  the  change  in  volume  associated  with 
the  drying  to  constant  weight  of  a  specimen  whose 
original  water  content  was  equal  to  the  capillary 
moisture  or  the  moisture  equivalent.  Therefore  the 
volumetric  change  at  capillary  moisture  depends  in  part 
on  the  same  factors  as  the  capillary  moisture  and  the 
volumetric  change  at  moisture  equivalent  depends  in  part 
on  the  sa  le  factors  as  the  moisture  equivalent.  The 
influence  of  the  other  factor  (the  shrinkage  limit)  on 
the  volumetric  change  determinations  will  be  discussed 
later. 

The  shrinkage  ratio  was  originally  believed  to  repre- 
sent a  specific  property  of  the  soil,  independent  of  other 
soil  constants.  It  has  since  been  learned  that  the 
shrinkage  ratio  can  easily  be  computed  from  the 
volume  and  the  weight  of  the  dry  sample  only.  This 
will  be  shown  in  connection  with  the  discussion  of  the 
shrinkage  limit. 

Dye  adsorption. — The  result  of  the  dye  adsorption 
test  is  a  measure  of  the  quantity  of  dye  which  is  ad- 
sorbed on  the  surface  of  the  individual  soil  particles. 

'  The  Moisture  Equivalent  of  Heavy  Soils,  by  A.  F.  Joseph  and  F.  J.  Martin. 
The  Journal  of  Agricultural  Science,  vol.  13,  Pt.  I,  January,  1923. 

6  Simplified  Soil  Tests  for  Subgrade  Soils  and  Their  Physical  Significance,  by  Dr. 
Charles  Terzaghi,  Public  Koads,  vol.  7,  No.  8,  October,  1926. 

The  Moisture  Equivalent  of  Soils,  by  M.  D.  Thomas  and  Karl  Harris,  Soil  Science, 
-vol.  21,  1926. 


Hence  the  dye  adsorption  number  is  a  rather  complex 
function  of  the  specific  surface  of  the  material,  its 
chemical  character  and  the  nature  and  quantity  of 
electrolytes  present  in  the  soil.  Since  the  greatest  part 
of  the  specific  surface  of  the  soil  is  made  up  of  the 
surfaces  of  the  finest  soil  constituents  (called  the 
colloidal  fraction),  the  dye  adsorption  number  can  be 
said  to  depend  on  the  quantity,  the  chemical  character, 
and  the  degree  of  adsorptive  saturation  of  the  soil 
colloids.  At  present  it  is  not  possible  to  evaluate  the 
relative  importance  of  each  of  these  different  factors. 
For  certain  highly  plastic  soils,  the  time  required  in 
making  the  tests  may  be  several  weeks,  thus  making 
the  testing  of  such  soils  prohibitive. 

Slaking  value. — The  slaking  value  depends  on  the 
amount  of  expansion  of  the  soil  sample  when  brought 
into  contact  with  water,  on  the  speed  with  which  the 
water  penetrates  the  interior  of  the  soil,  and  on  the 
character  of  the  cracking  produced  by  unequal  ex- 
pansion of  the  sample.  The  test  is  not  fully  satisfactory 
in  its  present  form,  because  soils  may  have  equal 
slaking  values  and  yet  slake  in  different  manners. 
Efforts  are  being  made  to  remedy  this  shortcoming  of 
the  test.  Because  of  the  influence  of  temperature  it 
should  be  performed  at  a  constant  temperature  and  a 
value  of  70°  F.  has  been  selected. 

Field  moisture  equivalent  and  lineal  shrinkage  .—The 
Rose  test  (field  moisture  equivalent)  measures  the  min- 
imum quantity  of  water  at  which  the  soil  can  still  be 
considered  to  be  completely  saturated.  The  state  of 
saturation  is  indicated  by  incapacity  of  the  soil  to 
absorb  a  drop  of  water  deposited  on  the  smoothed 
surface  of  the  sample.  In  comparing  this  definition 
with  the  definition  of  moisture  equivalent  it  is  evident 
that  the  two  tests,  insofar  as  method  is  concerned,  have 
practically  nothing  in  common.  The  test  combines  the 
advantage  of  simplicity  with  the  fact  that  the  results 
depend  but  very  little  on  the  personal  equation. 

In  practice  the  Rose  test  is  usually  performed  in 
connection  with  the  determination  of  the  lineal  shrink- 
age. The  two  tests  combined  furnish  an  approximate 
conception  of  the  volume"'  change  associated  with  sub- 
sequent wetting  and  drying. 

Atterberg  tests. — The  Atterberg  tests  determine  the 
states  of  consistency  through  which  a  soil  passes  in 
succession  if  the  water  contained  in  its  voids  gradually 
evaporates.  These  successive  states  are  graphically 
represented  in  Figure  1,  which  shows  for  a  plastic  soil 
that  the  volume  change  is  directly  proportional  to  the 
loss  of  water  from  the  lower  liquid  to  the  shrinkage 
limit,  after  which  no  further  shrinkage  occurs.  For 
friable  soils  the  plastic  range  is  approximately  zero. 

The  liquid  limit  represents  the  minimum  water  con- 
tent at  which  a  standard  number  of  shocks  of  standard 
intensity  just  begin  to  transform  part  of  the  sample 
(the  lower  rim  of  the  two  sections  of  the  soil  cake)  into 
the  liquid  state. 

The  plastic  limit  represents  the  lowest  moisture 
content  at  which  the  soil  can  still  be  molded  without 
cracking.  Preliminary  investigations  at  the  Arlington 
laboratory  indicate  that  the  plastic  limit  is  approxi- 
mately equal  to  the  maximum  moisture  content  at 
which  the  soil  sample  still  exhibits  an  appreciable 
resistance  to  deformation.7     This  finding  is  significant 

7  Work  by  B.  H.  Levenson,  referred  to  in  "Simplified  Tests  for  Subgrade  Soils 
and  Their  Physical  Significance,"  by  Charles  Terzaghi,  Public  Roads,  vol.  7,  No.  8, 
October,  1926. 
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in  that  it  demonstrates  that  the  Atterberg  method  for 
determining  the  lower  plastic  limit  is  a  practical  means 
of  differentiating  between  soils  in  the  plastic  and  non- 
plastic  states. 

The  plasticity  index  is  assumed  to  measure  the  degree 
of  plasticity  of  the  soil.  According  to  Atterberg  the 
higher  the  plasticity  index  the  greater  is  the  quantity 
of  sand  which  must  be  added  to  make  the  soil  lose  its 
plasticity. 

The  shrinkage  limit  represents  the  maximum  mois- 
ture content  which  the  soil  can  contain  without  a  further 
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Fig.  1. — A  Typical  Shrinkage  Curve  for  a  Plastic  Soil 

loss  of  water  causing  a  corresponding  decrease  in 
volume.  It  approximately  coincides  with  the  water 
content  at  which  the.  air  starts  to  penetrate  the  interior 
of  a  drying  sample.  At  this  moisture  content  the  color 
of  the  sample  changes  from  dark  to  light. 

Atterberg  determined  the  shrinkage  limit  by  repeated 
weighing  combined  with  accurate  measurements  of  the 
distance  between  two  points  on  the  sample.  It  has 
been  suggested  that  these  rather  tiresome  operations 
can  be  omitted  because  the  shrinkage  limit  can  be 
computed  from  the  volume  of  the  original  sample  and 
the  volumes  of  the  dry  sample.8     Thus,  let 

V=  volume  of  wet  soil  sample  in  cubic  centi- 
meters. 
V0  =  volume  of  the  dry  sample  in  cubic  centi- 
meters.    This  is  also  the  volume  at  the 
shrinkage  limit. 

w  =  water  content  of  the  wet  sample  expressed 
as  a  fraction  of  the  dry  weight. 

S  =  water  content  of  the  sample  at  the  shrink- 
age limit,  expressed  as  a  fraction  of  the 
dry  weight. 

W = weight  of  the  wet  sample  in  grams. 
W0  =  weight  of  the  dry  sample  in  grams. 


Since  the  change  in  volume  above  the  shrinkage 
limit  is  due  entirely  to  the  loss  of  water— 

V—  Vg  =  the   volume   of   water   evaporated   in 
cubic  centimeters. 

f  The  weight  of  the  water  at  V  equals  w  W0  and  at  the 
shrinkage  limit  is  SW0;  therefore  wW0  —  SW0  =  the 
weight  of  water  evaporated  in  grams. 

Since  the  specific  gravity  of  water  is  1,  the  volume 
in  cubic  centimeters  equals  the  weight  in  grams;  thus 


wW0-SWg=V-V0  and 


S  =  w- 


v-v 

w0 


(1) 


The  shrinkage  ratio  R  or  the  slope  of  the  shrinkage 
curve,  Figure  1,  can  be  computed  from  the  same  data. 
The  slope  of  this  curve  is  merely  the  total  volume 
change  of  the  sample  expressed  as  a  fraction  of  the 
dry  volume,  divided  by  the  moisture  change  between 
w  and  S.     Therefore 


7?  = 


V-Vo 
w-S 


(2> 


which  becomes,  by  substitution  from  equation  1, 

v-v* 

U~V-V0~Vo 

Wo 

In  like  manner,  the  specific  gravity  (the  weight  of 
the  dry  soil, in  grams  divided  by  its  true  volume  in 
cubic  centimeters)  can  be  computed.  The  true  volume 
of  the  dry  soil  equals  the  apparent  volume,  F0  minus 
the  water  content  at  the  shrinkage  limit,  SW0;  therefore 


Specific  gravity1 


W0 


1 


V0-SWo     7, 


Wo~S 


i-« 


(3) 
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Finally  the  volume  change  can  be  computed  for  any 
variation  in  moisture  content  wY  to  w2. 

When  both  Wi  and  w2  are  above  the  shrinkage  limit 

Volume  change  =  (w1  —  w2)R 
When  only  wx  is  above  the  shrinkage  limit 

Volume  change  =  (wi  —  S)R 
When  both  Wi  and  w2  are  below  the  shrinkage  limit- 
Volume  change  =  0 

The  Atterberg  tests  have  the  advantage  of  furnish- 
ing at  a  small  expense  of  time  and  labor,  three  con- 
stants, fcach  one  expressing  a  different  group  of  soil 
properties.  The  lower  liquid  limit  essentially  depends 
on  grain  size  and  grain  shape.  For  similarly  shaped 
materials,  it  increases  with  decrease  of  grain  size. 
For  materials  of  equal  grain  size,  the  lower  liquid 
limit  increases  with  the  increase  of  scalelike  particles. 

The  lower  plastic  limit  and  the  plasticity  index  also 
depend  on  the  shape  and  size  of  the  grains.  The 
shrinkage  limit  depends  upon  the  size  of  the  grains,  the 
shape  of  the  particles,  and  also  upon  the  uniformity 
of  the  soil. 

It  has  been  suggested  that  the  plasticity  of  a  soil  is 
related  to  the  silicon,  iron  and  aluminum  ratio.  Inves- 
tigators of  the  Bureau  of  Soils  state  that  the  shrinkage 
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of  a  soil  is  closely  related  to  both  the  colloidal  content 
and  to  the  chemical  composition  of  the  soil.  Hence, 
the  plasticity  and  shrinkage  limits  seem  to  reflect  the 
influence  of  the  size  of  grain,  the  shape  of  grain,  the 
uniformity  of  the  soil,  the  chemical  make-up  and  the 
colloidal  content  by  three  independent  figures. 

The  tests  which  have  previously  been  described  may 
be  called  "simplified  tests."  Except  for  the  mechanical 
analysis  and  dye  adsorption  these  tests  merely  inform 
us  about  the  water  content  of  the  soil  under  more  or 
less  arbitrary  conditions,  artificially  produced  in  the 
laboratory.  If  the  results  of  these  tests  have  any 
relationship  to  the  mechanical  properties  of  the  sub- 
grade,  this  relationship  is  not  known  and  can  be 
learned  only  from  indirect  evidence. 

Compressibility,  elastic  expansion  and  permeability 
tests. — To  facilitate  the  interpretation  of  the  simplified 
test  results,  it  seemed  advisable  to  work  out  some 
standard  test  the  results  of  which  would  furnish  direct 
information  as  to  the  mechanical  properties  of  the  soil. 
The  Terzaghi  tests  were  introduced  for  this  purpose. 
Because  of  the  time  and  labor  required  for  performing 
these  tests,  there  is  no  intention  of  considering  them  as 
prospective  routine  tests.  They  should  be  considered 
merely  as  a  means  for  obtaining  positive  information 
about  the  relation  which  exists  between  the  results  of 
the  different  simplified  tests  and  the  purely  mechanical 
properties  of  the  subgrade.  When  this  purpose  is  ac- 
complished the  Terzaghi  tests  will  become  unnecessary. 

INTERRELATIONSHIP  OF  THE  RESULTS  OF  DIFFERENT  TESTS 

There  has  been  presented  in  the  preceding  section 
descriptions  of  a  number  of  different  simplified  tests, 
furnishing  not  less  than  13  different  soil  constants. 
To  determine  whether  any  relationship  exists  between 
these  constants,  two  correlations  have  been  made. 
The  first  concerned  the  interrelationship  of  the  various 
simplified  tests,  and  the  second  was  intended  to  de- 
termine the  influence  of  the  clay,  silt,  and  sand  frac- 
tions on  the  various  simplified  tests. 

The  interrelationship  of  the  results  obtained  from  a 
number  of  tests  is  shown  in  Figures  2,  3,  and  4.  Ac- 
cording to  these  figures,  no  strictly  exact  relation  exists 
between  the  results  of  any  two  simplified  tests  as  far  as 
the  results  of  tests  performed  on  individual  soils  are 
concerned.  Yet  for  certain  sets  of  tests — for  instance, 
moisture  equivalent  and  lower  liquid  limit  (fig.  3),  or 
field  and  centrifuge  moisture  equivalent  (fig.  4) — some 
broad  relationships  seem  to  exist.  For  other  pairs,  as 
for  instance,  slaking  value  and  lower  liquid  limit,  even 
such  a  broad  relationship  is  conspicuously  absent. 
These  broad  relationships  could  be  called  "statistical 
laws."  In  Figure  2,  these  statistical  laws  are  repre- 
sented by  curves  passing  close  to  those  points  which 
represent  the  averages  of  the  individual  tests.  The 
individual  test  results  are  omitted  and  the  variation  of 
the  data  for  the  individual  soils  is  represented  by  the 
length  of  the  heavy  horizontal  lines.  These  diagrams 
show  that  a  statistical  relation  exists  between  the  mois- 
ture equivalent,  the  capillary  moisture,  the  volumetric 
change  at  capillary  moisture,  and  the  dye  adsorption 
tests. 

Figures  3  and  4  show  the  results  of  individual  tests 
of  both  friable  and  plastic  soils  from  all  parts  of  the 
United  States.     These  diagrams  show  the  following: 

1.  For  both  plastic  and  nonplastic  soils,  statistical 
relations  exist  between  the  moisture  equivalent  and  the 
lower  liquid  limit  (fig.  3-A),  the  centrifuge  and  field 


moisture  equivalents  (fig.  4-A),  and  between  the  lower 
liquid  limit  and  the  field  moisture  equivalent  (fig.  4-C). 

2.  For  plastic  soils  statistical  relations  exist  between 
the  moisture  equivalent  and  the  plasticity  index  (fig. 
3-B),  the  moisture  equivalent  and  the  lower  plastic 
limit  (fig.  3-C),  the  moisture  equivalent  and  the  vol- 
umetric change  at  moisture  equivalent  (fig.  3-E),  the 
lower  liquid  limit  and  the  plasticity  index  (fig.  3-F), 
the  lower  liquid  limit  and  the  lower  plastic  limit  (fig. 
3-G),  the  field  moisture  equivalent  and  the  lower 
plastic  limit  (fig.  4-D),  and  the  field  moisture  equiva- 
lent and  the  plasticity  index  (fig.  4-F). 

From  the  discussion  of  the  factors  which  influence 
the  shrinkage  of  a  soil  from  any  arbitrary  moisture 
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Fig.  2. — Diagram  Showing  Interrelation  Between  Va- 
rious Tests.  Each  Point  Plotted  is  the  Average  of 
Several  Tests  Results,  the  Range  of  Such  Results 
Being  Shown  by  the  Horizontal  Line  Through  the 
Point 

content  to  zero,  it  becomes  evident  that  the  relations 
between  capillary  moisture  and  volumetric  change  at 
capillary  moisture,  and  between  field  moisture  equiva- 
lent and  lineal  shrinkage  at  field  moisture  equivalent, 
are  similar  in  character  to  those  existing  between  the 
moisture  equivalent  and  volumetric  change  at  moisture 
equivalent.  Figure  3-E  shows  that  some  nonplastic 
soils  follow  the  relation  "between  moisture  equivalent 
and  volumetric  change  at  moisture  equivalent  which  is 
general  for  plastic  soils,  but  the  great  majority  do  not 
follow  it,  having  but  little  volumetric  change.  Out  of 
100  nonplastic  soils  tested,  98  had  a  volumetric  change 
(at  moisture  equivalent)  of  16  or  less.  Of  this  number 
57  were  zero.  From  this  it  may  be  concluded  that,  in 
general,  the  relation  between  certain  arbitrary  moisture 
contents  and  volumetric  changes  at  those  moisture  con- 
tents which  applies  to  plastic  soils  does  not  neces- 
sarily apply  to  nonplastic  soils,  and  the  fact  that  the 
volumetric  change  of  all  nonplastic  soils  is  so  nearly 
the  same  makes  this  test,  by  itself,  of  no  practical 
significance  with  respect  to  soils  of  that  class. 

3.  For  both  plastic  and  nonplastic  soils  no  statistical 
relation  exists  between  the  slaking  value  and  the  lower 
liquid  limit  (fig.  3-1),  the  plasticity  index  (fig.  3-J), 
the  lower  plastic  limit  (fig.  3-K),  and  the  shrinkage 
limit  (fig.  3-L).  Also  the  average  shrinkage  limit  values 
change  but  little  with  variation  in  average  values  for 
moisture  equivalent  (fig.  3-D),  lower  liquid  limit  (fig. 
3-H),  plasticity  index  (fig.  3-N),  volumetric  change  at 
moisture  equivalent  (fig.  3-M),  and  field  moisture 
equivalent  (fig.  4-E). 

4.  For  values  less  than  30  the  field  moisture  equiv- 
alent is  a  rough  approximation  of  the  centrifuge  mois- 
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ture  equivalent  (fig.  4-A)  and  for  values  below  70  the 
values  obtained  from  centrifuging  a  5-gram  sample 
are  in  substantial  agreement  with  those  obtained  by 
centrifuging  a  30-gram  sample  (fig.  4-B).  Beyond  this 
point  little  reliance  can  be  placed  on  the  results.  For 
this  reason  the  points  representing  moisture  equivalent 
values  higher  than  70  were  discarded  when  the  average 
value  curves  were  drawn  in  Figures  3  and  4. 

Based  on  the  foregoing,  the  simplified  soil  tests  may 
be  arranged  in  three  groups  as  follows: 

Group  I. — Tests  related  for  both  plastic  and  non- 
plastic  soils. 

Lower  liquid  limit. 

Moisture  equivalent. 

Field  moisture  equivalent. 

Capillary  moisture. 

Dye  adsorption. 
Group  II. — Tests  related^  to  those  of  Group  I  for 
plastic  soils  primarily. 

Lower  plastic  limit. 

Plasticity  index. 

Volumetric  change  at  moisture  equivalent. 

Volumetric  change  at  capillary  moisture. 

Lineal  shrinkage  at  field  moisture  equivalent. 
Group   III. — Tests  related  neither  to   those  of  the 
foregoing  groups  nor  to  each  other. 

Shrinkage  limit. 

Slaking  value. 
In  spite  of  the  general  relationship  which  exists 
between  the  different  members  of  Groups  I  and  II, 
the  individual  variations  throughout  are  large  enough 
to  make  it  impossible  to  express  the  corresponding 
properties  with  a  sufficient  degree  of  accuracy  by  a 
single  constant.  This  is  even  more  evident  from  the 
results  of  the  second  set  of  tests  (synthetic  mixtures) 
given  in  Table  I.  It  can  be  seen  that  no  definite  relation 
exists  between  either  the  shrinkage  limit  or  the  lower 
plastic  limit  and  the  clay,  silt,  or  sand  fractions.  In 
general,  however,  the  moisture  equivalent,  the  volu- 
metric change  at  moisture  equivalent,  the  lower  liquid 


limit  and  the  plasticity  index  values  all  increase  with 
increase  of  clay  content.  Further  information  on  these 
relations  is  given  in  Figure  5,  which  shows  graphically 
the  results  of  Table  I. 

A  comparison  of  the  upper  and  lower  rows  of  dia- 
grams in  this  figure  shows  that  the  relation  between 
both  the  moisture  equivalent  and  the  volumetric 
change  values  and  the  sand  fraction  is  less  variable 
than  the  relation  between  these  two  values  and  the  clay 
fraction.  The  relation  between  the  lower  liquid  limit 
and  the  clay  fraction  seems  to  be  slightly  less  variable 
than  the  relation  between  this  value  and  the  sand  frac- 
tion and  the  plasticity  index  (for  plastic  soils)  seems  to 
be  definitely  related  to  the  clay  content. 

Figure  6  shows  how  both  the  silt  and  clay  fractions 
affect  the  test  values.  Each  curve  shows  the  results  of 
tests  in  which  the  clay  content  was  kept  practically 
constant  and  the  silt  content  varied.  The  distance 
between  the  curves  is  a  measure  of  the  effect  of  the 
increase  in  clay  content  and  the  angle  which  the  lines 

Table  I. — Influence  of  clay,  silt,  and  sand  fractions  on  simplified 
test  values 
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Fig.  4. — Diagrams  Showing  Interrelation  or  Absence  of  Interrelation  Between  Various  Tests 

liquid  limit  and  the  plasticity  index  reflect  the  influence 
of  grain  size  and  uniformity  as  disclosed  by  the  mechan- 
ical analysis  determination.  It  is  possible  that  the 
lower  plastic  and  shrinkage  limits  are  influenced  by 
very  small  particles  not  separated  in  the  mechanical 
analysis  determination  or  that  they  may  be  influenced 
primarily  by  grain  shape. 
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Fig.  5. 


-Graphical   Representation   of   Interrelation    of 
Test  Data  Shown  in  Table  1 


make  with  the  vertical  is  a  measure  of  the  silt  influence. 
If  this  angle  is  zero  the  silt  has  no  influence;  if  it  is  45°, 
the  test  values  (clay  content  constant)  increase  1  per 
cent  with  each  increase  in  silt  of  1  per  cent.  This  figure 
shows  that  the  moisture  equivalent  and  the  volumetric 
change  at  moisture  equivalent  values  are  influenced 
by  both  the  clay  and  silt  contents  (grains  less  than  0.05 
millimeter) ;  the  lower  liquid  limit  is  influenced  to  some 
extent  by  silt  (grains  0.05  to  0.005  millimeter),  but 
primarily  by  clay  (grains  less  than  0.005  millimeter); 
the  lower  plastic  limit  (for  plastic  soils)  is  influenced  by 
silt  to  about  the  same  extent  as  the  lower  liquid  limit, 
but  the  influence  of  clay  is  somewhat  less  than  for  the 
lower  liquid  limit;  the  plasticity  index  is  influenced 
primarily  by  clay;  and  the  shrinkage  limit  is  not  appre- 
ciably influenced  by  either  the  clay  or  the  silt  fractions. 
Thus  it  seems  that  the  moisture  equivalent,  the 
volumetric  chanere  at  moisture  eauivalent.  the  iower 


SIMPLIFIED  TESTS  FOR  LABORATORY  PROCEDURE  SELECTED 

In  practice,  the  tests  to  be  made  on  a  soil  sample 
must  be  limited  to  a  reasonable  number.  The  problem 
is  to  select  from  the  different  possible  soil  tests  those 
which  furnish  a  maximum  amount  of  information  at  a 
minimum  of  time  and  labor.  To  secure  a  maximum 
amount  of  information,  every  test  should  be  inde- 
pendent of  any  other  test,  that  is,  each  test  should 
determine  a  different  soil  property.  It  is  desirable 
that  the  tests  should  not  be  influenced  by  the  personal 
equation,  should  be  simply  and  quickly  performed,  and 
should  not  be  limited  in  scope  to  any  particular  types 
of  soils. 

In  the  foregoing  discussion  it  has  been  shown  that  the 
tests  can  be  arranged  in  three  groups,  depending  on 
their  interrelationship  with  each  other.  Following  the 
criterion  laid  down  above,  it  seems  logical  that  the 
simplified  test  procedure  should  include  at  least  one 
test  from  each  of  the  related  groups  and  all  of  the 
tests  of  the  nonrelated  group. 

In  Group  I  the  capillary-moisture  test  is  undesirable 
because  of  the  time  required  to  make  the  test;  it  is  not 
practical  for  certain  heavy  clays,  and  is  influenced  to 
some  extent  by  the  personal  equation.  There  is  no 
evidence  that  it  adds  to  the  information  derived  from 
tests  not  having  these  disadvantages.  The  dye- 
adsorption  test  is  impractical  for  heavy  soils  and  the 
moisture  equivalent  test  is  complex  in  meaning  and  is 
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erratic  for  heavy  soils.  The  field-moisture  equivalent 
test  is  simple  to  perform  and  within  the  range  origi- 
nally proposed  for  this  test  is  satisfactory.  However, 
except  for  a  few  particular  soils,  the  results  from  this 
test  fail  to  increase  proportionately  with  those  of 
related  tests  when  test  values  are  greater  than  about 
30.  The  one  remaining  test  of  this  group  is  the  lower 
liquid  limit.     It  can  be  performed  quickly  and  easily 
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Fig.  6. — Each  Curve  Shows  the  Results  of  Tests  in 
Which  the  Clay  Content  was  Approximately  Constant 
(Amount  Shown  on  Each  Curve)  and  the  Silt  Content 
Varied 

and  is  practical  for  all  types  of  soils.  Consequently  this 
test  was  selected  from  Group  I. 

It  will  be  noted  that  excluding  the  dye  adsorption 
test,  the  tests  in  Group  II  can  be  paired  off  with  corre- 
sponding tests  of  Group  I  as  follows: 

(a)  Lower  liquid  limit  and  lower  plastic  limit  (in- 
cluding the  plasticity  index). 

(6)  Capillary  moisture  and  volumetric  change  at 
capillary  moisture. 

(c)  Moisture  equivalent  and  volumetric  change  at 
moisture  equivalent. 

(d)  Field  moisture  equivalent  and  lineal  shrinkage  at 
field  moisture  equivalent. 

Considering  the  tests  of  Group  II  it  is  logical  to 
make  a  selection  corresponding  to  the  selection  from 
Group  I.  Consequently  the  lower  plastic  limit  and 
the  plasticity  index  were  chosen  from  Group  II.  The 
lower  plastic  limit  is  quickly  and  easily  determined  and 
is  practical  for  all  plastic  soils.  The  plasticity  index  is 
obtained  by  a  simple  computation  from  the  liquid  limit 
and  plastic  limit  values. 

The  volumetric  change  from  capillary  moisture  and 
moisture  equivalent  and  the  lineal  shrinkage  from 
moisture  equivalent  are  undesirable  for  several  reasons. 
In  the  first  place,  the  volume  change  from  any  moisture 
content  can  be  quickly  computed  from  the  shrinkage 
limit  and  shrinkage  ratio  values.  This  applies  also  to 
the  lineal  shrinkage  because  this  value  bears  a  simple 
arithmetical  relation  to  the  volume  change  in  a  soil. 
A  zero  volumetric  change  (at  moisture  equivalent)  or  a 
zero  lineal  shrinkage  simply  means  that  the  moisture 
equivalent  (or  field  moisture  equivalent)  is  below  the 
shrinkage  limit.  In  the  second  place,  the  shrinkage 
from  any  arbitrary  moisture  content  has  significance 
only  if  this  moisture  content  represents  the  maximum 
moisture  content  which  occurs  in  the  subgrade  in  the 
field  and  if  the  shrinkage  of  the  prepared  laboratory 


sample  is  the  same  as  that  of  the  undisturbed  soil  in 
the  field.  There  is  no  evidence  to  warrant  these 
assumptions. 

In  some  instances  a  lineal  shrinkage  value  of  5  has 
been  used  as  the  dividing  line  between  good  and  bad 
subgrade  soils.  This  value  is  equivalent  to  a  volu- 
metric change  at  moisture  equivalent  of  about  18.  It 
has  previously  been  shown  that  with  few  exceptions 
all  nonplastic  soils  lie  below  this  value.  Therefore  it 
is  possible  that  considerable  work  could  be  avoided  if, 
first,  the  rolling  method  (lower  plastic  limit)  were  used 
to  determine  whether  or  not  the  soil  is  plastic  and, 
second,  only  the  plastic  soils  were  tested  for  shrinkage. 

Since  all  of  the  tests  of  the  unrelated  group  (Group 
III)  should  be  included,  the  shrinkage  limit  and  slaking 
value  tests  are  added  to  those  selected  from  Groups 
I  and  II.  The  shrinkage  ratio  is  determined  by  a 
simple  computation  and  is  therefore  included.  The 
reports  on  soil  tests  by  the  bureau  therefore  consist  of 
a  record  of  the  following: 

1.  Mechanical  analysis:  Percentage  of  sample  re- 
tained on  the  2-millimeter  sieve,  percentage  of  sample 
passing  the  2-millimeter  and  retained  on  the  0.5- 
millimeter  sieve,  and  the  percentage  of  the  sample 
passing  the  0.5-millimeter  sieve. 

2.  Lower  liquid  limit. 

3.  Lower  plastic  limit. 

4.  Plasticity  index. 

5.  Shrinkage  limit. 

6.  Shrinkage  ratio. 

7.  Slaking  value  (70°  F.). 

The  dye  adsorption  test  and  the  field  moisture  equiv- 
alent are  being  further  investigated.  The  hydrometer 
method  for  determining  the  percentage  of  the  smaller 
sized  soil  particles  held  in  suspension  is  also  being 
investigated.9 

CONCLUSIONS 

1.  The  tests  which  have  been  proposed  for  investi- 
gating the  physical  properties  of  raw  material  of  the 
subgrade  are  the  simplified  and  the  final  soil  tests. 

The  simplified  tests  can  be  performed  with  very 
simple  devices  and  within  a  very  short  time.  They  do 
not,  however,  disclose  information  as  to  the  mechanical 
properties  of  soils. 

The  final  soil  tests  furnish  soil  constants,  having  a 
simple  and  direct  bearing  on  the  mechanical  properties 
of  soils.  Their  disadvantage  is  that  a  great  amount 
of  time  and  labor  is  required  in  obtaining  the  desired 
results. 

The  advantages  of  both  groups  of  tests  can  be  uti- 
lized by  performing  the  final  tests  on  only  a  limited 
number  of  individual  soils  which  are  representative  of 
various  groups  of  soils  which  have  been  submitted  to 
the  simple  tests. 

2.  Results  of  certain  tests  are  found  to  be  connected 
with  each  other  by  fairly  well  defined  statistical  laws 
or  by  laws  applicable  to  the  average  results  obtained  by 
testing  a  great  number  of  different  soils.  The  results 
of  other  tests  do  not  seem  to  be  connected  by  any  law. 

Depending  on  the  extent  of  the  interrelationship  of 
their  results,  the  simplified  soil  tests  may  be  arranged  in 
three  groups,  as  follows: 

I.  Tests  statistically  related  for  both  friable  and  plastic  soils. 

II.  Tests  statistically  related  to  those  of  Group  I  for  plastic 
soils  primarily. 

III.  Tests  statistically  related  neither  to  members  of  the  other 
groups  nor  to  each  other. 

•  The  Hydrometer  Method  as  a  New  and  Rapid  Method  for  Determining  the 
Colloidal  Content  of  Soils,  by  G.  J.  Bouyoucos,  Soil  Science,  vol.  23,  No.  4,  pp. 
319-330. 

(Continued  on  page  24) 
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Reported  by  T.  WARREN  ALLEN,  Chief,  Division  of  Management,  and  ANDREW  P.  ANDERSON,  Associate  Highway  Engineer 
Part  2.— HAULING  WITH  TEAMS  AND  WAGONS 

at  its  proper  rate  of  production.  But,  in  practice,  as 
the  hauling  distance  changes,  the  amount  of  hauling 
equipment  must  also  be  changed  if  this  balance  is  to  be 
maintained. 

The  operations  of  the  hauling  equipment  consist  of 
getting  into  position  to  receive  the  load,  receiving  it, 
taking  it  to  the  dump,  dumping,  turning  at  the  dump, 
and  returning  to  the  shovel  for  another  load.  The 
time  consumed  for  each  load  moved,  excepting  the 
time  of  haul  to  the  dump  and  the  return  for  another 
load,  is  fairly  uniform  for  a  given  type  of  equipment 
and  set  of  operating  conditions  and  is  called  the  "time 
constant."  Table  1  shows  the  time  taken  in  these 
operations  on  a  number  of  projects  on  which  two-horse 
wagons  of  different  capacities  were  used.  The  average 
time  found  on  these  jobs  for  the  different  operations 

varies  considerably.  This 
is  to  be  expected.  For 
example,  the  loading  time 
will  vary  with  the  number 
of  dippers  required  to  the 
load,  the  kind  of  material 
handled,  the  skill  of  the 
shovel  operator,  and  all 
the  numerous  factors 
which  affect  the  time  of 
the  shovel  cycle. 

Too   many   contractors 
do  not  seem  to  realize  the 
importance  of  saving  sec- 
onds on    these   repetitive 
operations.     For  the  first 
job  shown  in  Table  1  the 
time    constant — that     is, 
the   average   sum    of   the 
repetitive     operations— is 
110.5  seconds,  while  for  the  next  job  it  is   only  77.5 
seconds,  a  difference  of    33  seconds,    or  more    than 
one-half  minute  per  load  due  to  a  difference  in   the 
efficiency  of  dump  handling.    With  a  shovel  operating 
at  70  loads  per  hour  this  represents  the  equivalent  of 
one  team  for  more  than  six  hours  per  10-hour  day. 
Incidentally,  these  tables  indicate  the  advisability  of 
using  13^-yard  wagons  instead  of  lj^-yard,  and  also 
that  2-yard  wagons  are  still  better.    Table  2  shows  the 
manner  in  which  the  data  were  recorded  in  the  field 
studies. 

Table  1  shows  quite  clearly  the  time  necessarily  taken 
up  in  loading,  dumping,  turning  around  on  the  dump 
and  getting  under  the  shovel,  and  how  the  time  may  be 
extended  by  miscellaneous  delays.  On  some  poorly 
managed  jobs  these  delays  may  reach  as  much  as  two 
or  three  minutes  per  load  hauled.  The  extension  of  the 
time  constant  by  two  minutes  is  as  effective  in  reducing 
output  as  a  240-foot  extension  in  the  average  haul. 
Much  of  this  delay  can  be  eliminated  by  careful  super- 
vision of  the  operation  of  the  wagons,  by  keeping  the 
traveled  way  in  good  condition,  and,  particularly  by 
giving  attention  to  conditions  at  the  shovel  and  on  the 
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HIGHWAY  construction  organizations  are  generally 
composed  of  a  number  of  interdependent  units 
from  which  full  production  can  be  secured  only 
when  the  capacity  of  each  of  the  subordinate  organiza- 
tion units  is  at  least  equal  to  the  capacity  of  the 
primary  producer  and  properly  synchronized  with  it. 
A  power-shovel  grading  outfit  as  commonly  operated 
on  highway  work  is  such  an  organization.  It  is 
obvious  that  no  matter  what  capacity  the  shovel  may 
have,  its  output,  except  when  casting,  can  never 
exceed  the  capacity  of  the  hauling  units  which  are 
moving  the  excavated  material.  To  secure  a  high 
rate  of  production  at  the  shovel  it  is  imperative  that 
the  hauling  equipment  handle  this  production  at  an 
equally  high  rate.  If  the  distance  over  which  the 
material  is  hauled  were  constant,  the  number  of 
hauling  units  of  any  given 
kind  required  to  handle 
the  output  could  be  de- 
termined readily.  After 
these  had  been  supplied 
the  problem  would  be 
narrowed  down  to  the  cor- 
rect management  of  the 
equipment  and  the  use  of 
correct  methods. 

In  practice  no  such  for- 
tunate conditions  exist. 
The  hauling  distance  fre- 
quently varies  greatly 
from  day  to  day  and 
sometimes  from  hour  to 
hour.  It  is  seldom  prac- 
tical to  supply  the  haul- 
ing equipment  needed  to 
maintain  full   production 

on  all  lengths  of  haul  because  of  the  capital  and  carry- 
ing charges  involved. 

TIME  OF  LOADING,  DUMPING,  ETC.,  STUDIED 

There  are  a  number  of  distinct  types  of  hauling 
equipment — (a)  horses  or  mules  and  wagons,  (b)  trucks, 
(c)  crawler-type  tractors  with  trailers,  and  (d)  the 
industrial  railway.  Speaking  in  general  terms,  teams 
and  wagons  are  still  the  type  most  widely  used  on 
highway  grading  work.  Crawler  tractors  with  large 
trailer  wagons  are  relatively  new  in  this  field,  but 
appear  to  have  great  possibilities.  Trucks  are  widely 
used,  and  where  the  hauling  surface  is  or  can  be  main- 
tained in  uniformly  good  condition  generally  prove 
quite  satisfactory.  The  industrial  railway  is  not  so 
common  on  highway  work.  It  is  efficient  where  the 
grades  are  light,  the  haul  long  and  the  quantities  large — 
conditions  often  found  in  railroad  work  but  not  so 
often  in  highway  work. 

In  power-shovel  work  the  ideal  balance  between  the 

shovel  and  the  hauling  equipment  is  had  when  the 

hauling  equipment  is  of  just  such  capacity  and  number 

that  it  can  just  keep  the  shovel  in  continuous  operation 

90754—28 2 


yEAMS  AND  WAGONS  are  to-day  the 
cheapest  means  of  transporting  the  output 
of  the  power  shovel  to  the  dump  where  the  haul 
does  not  exceed  500  or  600  feet  and  there  is  room 
for  efficient  handling,  but  it  would  be  a  mistake 
to  state  that  this  will  continue  to  be  the  case. 

Motorized  equipment  is  rapidly  being  devel- 
oped to  higher  efficiency  and  it  is  believed  that  the 
time  is  not  far  distant  when  its  performance  in 
terms  of  volume,  speed,  and  cost  will  give  it  pre- 
cedence over  teams  and  wagons.  Development 
has  already  reached  a  point  where  this  is  true 
under  some  working  conditions. 
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Table  1. 


-Stop-watch  readings  on  operation  in  hauling  with  two- 
horse  bottom-dump  wagons  on  different  jobs 

IK-YARD  WAGONS 
[Time  constant— 110.5  seconds] 


Loading 

Waits  or 

delays  at 
dump 

Dumping 
load 

Turning 
at  dump 

Turn 
and  ma- 
neuver at 
shovel 

Seconds 

Seconds 

Seconds 

Seconds 

Seconds 

11 

156 

15 

21 

15 

10 

201 

6 

17 

12 

9 

53 

3 

15 

21 

43 
29 
19 

17 

4 
8 
5 
24 

14 
18 
15 
15 

19 
17 
21 
17 

122 

118 

17 

11 

18 

16 

51 

84 

9 

17 

16 

39 

30 

9 

12 

22 

43 

31 

8 

32 

9 

80 
19 
18 

7 
6 
6 

17 
20 
19 

13 

8 
15 

39 

37 

188 

5 

15 

13 

46 

271 

18 

17 

10 

13 

12 

5 

11 

13 

7 
42 

3 
11 

12 
23 

12 
17 

15 

21 

43 

20 

16 

18 

29 
12 
17 
13 
8 
10 

2 

6 
7 
6 
4 
3 

13 
14 
10 
11 
11 
13 

15 
15 
18 
17 
10 
11 

22 

34 

42 

5 

9 

10 

14 

21 

5 

19 

8 

18 
95 
36 
41 
58 

5 

7 
8 
6 
6 

14 
11 
16 
15 
17 

12 
15 
12 
10 
15 

Av.   32.0 

40.8 

7.7 

15.7 

14.3 

I1  ..-YARD  WAGONS— TWO  DIPPERS  TO  THE  LOAD 
[Time  constant— 77.5  seconds] 


27 
29 
32 
42 
35 
50 
46 
37 
36 
42 
30 
43 
34 
31 
36 
42 
42 
43 
37 
54 
38 

3 
5 
8 
5 
4 
5 
4 
8 
6 
8 
3 
4 
4 
5 
3 
3 
5 
5 
4 
4 
7 

17 
12 
12 
10 
17 
12 
13 
9 
13 
8 
5 
8 
7 
10 
6 
5 
7 
12 
15 
12 
24 

9 
11 
10 
13 
17 
15 
12 
30 
22 
17 
15 
28 
19 
21 
19 
16 
16 
16 
19 
17 
20 

17 

29 

78 

Av.   38.4 

5.9 

4.9 

11.1 

17.2 

1H-YARD  WAGONS 

[Time  constant— 78.1  seconds] 


31 
33 
47 
42 
31 
33 
26 
25 
27 
30 
34 
27 
25 
42 

5 
6 

12 
15 
10 
4 
10 
7 
7 
6 

7 
6 
6 

14 
18 
23 
39 
28 
8 
14 
11 
15 
10 
14 
12 
13 
14 

25 

25 
18 
17 
15 

13 
10 
15 
12 
9 
12 
10 
13 
12 

24 

10 

Av.  32.4 

9.6 

7.7 

16.6 

11.8 

Table  1. — Stop-watch  readings  on  operation  in  hauling  with  two- 
horse  bottom-dump  wagons  on  different  jobs — Continued 

l^-YARD  WAGONS 

[Time  constant — 85.0  seconds] 


dump.  "Bottle  necks,"  a  careless  clean-up  around  the 
shovel,  restricted  working  area  on  the  dump,  etc.,  all 
adversely  affect  the  output  of  the  hauling  equipment. 


Loading 

Waits  or 

delays  at 

dump 

Dumping 
load 

Turning 
at  dump 

Turn 
and  ma- 
neuver at 
shovel 

Seconds 
43 
40 
36 
39 
48 
32 
43 
42 
41 
50 
38 
45 
46 

Seconds 

Seconds 

8 
7 
9 

7 
7 
6 
7 
7 
5 
6 
4 
7 

Seconds 
16 
10 
16 
18 
14 
18 
14 
14 
14 
13 
14 
9 
11 

Seconds 
32 
19 
24 
40 
10 
11 

Av.41.8 



6.7 

13.9 

22.6 

2-YARD  WAGONS— THREE  DIPPERS  TO  THE  LOAD 
[Time  constant— 86.0  seconds] 


51 
66 
85 
73 
48 
58 
71 
60 
72 
67 
69 
78 

9 
13 
12 
10 

8 
12 
22 
13 
19 
15 

7 
11 

5 
6 
6 
5 
5 
7 
7 
8 
7 
8 
6 
6 

(') 

-       

7 

Av.  66.  5 

0.6 

12.6 

6.3 

1  Turn  at  shovel  included  as  part  of  time  of  return  because  of  arrangement  of  return 
route. 

Table  2. — Form  used  in  recording  time  of  operations  in  hauling 
with  teams 

[Date:  March  19,  1926,  a.  m.    Place:  Milford,  Pa.    Weather:  Clear,  cool.    Con- 
dition of  road:   Haul  very  muddy  and  rough;  return  good;   through  woods,  dry. 

Shovel:    -  Size:    M-yard.    Traction:    Crawler  tractor.     Condition:    Good. 

Kind  and  number  of  wagons:  7.     Capacity:    1.5  cubic  yards.     Condition:    Fair. 
Depth  of  cut:  6  feet.    Material;  Stiff  clay] 


Truck  or  wagon  No. 

o 

w 

s 

3  "3 
55 

to 

a 
■3 

cS 

o 

o 

*§• 

.5  3 

o 

c0 
8  3 

bo 

□ 

a 

a 

3 
P 

bo 

a 
°3 
3 

e 

boa 
a  g 

3a 

»  2 

bo 
n 
'3 
3 

bo® 

.ti-a 

bo 
a 

a 

a 

"§.§ 
O 

"3 

03 

a 

a 

s 

« 

3 

2 

Sec. 
30 

Sec. 

88 
103 

93 

Sec. 

Sec. 
3 
4 
4 
5 
3 
3 
5 

4 

Sec. 
5 
8 
7 

10 
6 
5 
7 

7 

Sec. 
149 

157 
170 
177 
192 
196 
180 

174 

Sec. 
15 
28 
19 
19 
21 
16 
16 

19 

Sec. 

104 

Sec. 
17 

Sec. 
411 
451 
427 
467 
419 
564 
363 

Ft. 
325 
325 
325 
350 
350 
350 
350 

Ft. 

650 

1 

2  i  43 
2  1  34 
2     31 
2     36 
2     42 
2     42 

97  1  11 
87  !  13 

125  1  11 
42  '  17 

188  |  15 
11 

650 

2 

650 

4                        

89   _. 

650 

5 

102 
99 
102 

— - 

650 

6 

650 

7 _ 

650 

Average 

2 

37 

97 

92 

14 

443 

350 

650 

PROFITS  AFFECTED  BY  SIZE  OF  LOAD 

Another  matter  deserving  attention  is  the  load 
hauled  per  wagon.  While  there  is  a  good  deal  of 
variation  in  the  average  yardage  taken  out  per  dipper 
load  by  a  %-yard  shovel— this  variation  being  in  some 
measure  caused  by  difference  in  operating  skill,  but 
to  a  much  greater  degree  by  the  characteristics  of  the 
material — the  ordinary  net  output  per  shovel  appears 
to  average  about  0.50  cubic  yard,  or  slightly  less  for 
ordinary  common  excavation  as  measured  in  place. 
Where  two  dipper  loads  are  dumped  in  a  wagon  the 
average  load  will  then  be  not  far  from  1  cubic  yard. 
Under  ordinary  hauling  conditions  this  is  rather  a  light 
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load  for  two  good  horses  or  mules,  and  especially  so 
on  short-haul  work  where  the  grades  are  light.  On 
elevating  grader  work  the  two-horse  wagon  {\x/i  cubic 
yards  net  size)  is,  as  a  matter  of  general  practice, 
heaped  full  and  when  so  loaded  will  carry  about  1.3 
cubic  yards  as  measured  in  place.  Loads  as  heavy  as 
this  require  that  more  attention  be  given  the  roadway 
than  ordinarily  is  the  case,  particularly  in  the  East. 

A  comparison  of  the  yardage  moved  per  load  where 
elevating  graders  are  used  and  where  shovels  are  used 
can  not  but  leave  the  impression  that  the  practice  of 
putting  two  dipper  loads  onto  each  wagon  without 
regard  to  whether  the  dipper  is  full  or  not  is  bad. 
Where  there  is  a  surplus  of  wagons  at  the  shovel,  not 
much  harm  is  done  providing  wagons  can  be  exchanged 
within  the  time  required  for  filling  the  dipper.  But 
when  the  haul  is  long  and  the  wagon  supply  short,  a 
very  different  condition  prevails.  The  shovel  is  then 
idle  a  part  of  the  time,  so  that  a  little  extra  effort  spent 
in  filling  a  wagon  represents  no  loss.  On  the  other 
hand,  it  takes  as  long  to  haul  a  half-loaded  wagon  to 
the  dump  as  it  does  to  haul  one  that  is  fully  loaded. 
On  long-haul  work  there  is  much  to  be  gained  by  haul- 
ing full  loads.  The  shovel  runner  should  be  charged 
with  the  responsibility  of  seeing  that  the  wagons  leave 
the  shovel  fully  loaded,  even  if  it  is  necessary  to  put 
on  three  or,  in  occasional  instances,  four  dipper  loads 
of    material.     The    possibility    of    using    the    larger 


Typical  Operation  with  Team  Hauling 


\x/i    or    2    cubic-yard    three-horse    wagons    deserves 
consideration. 

In  selecting  hauling  equipment  care  should  be  taken 
to  see  that  the  units  can  be  so  handled  that  no  single 
operation  such  as  turning,  dumping  or  maneuvering 
will  necessarily  consume  more  time  than  is  required 
for  loading.  Otherwise,  this  operation  and  not  the 
shovel  becomes  the  pacemaker.  For  ordinary  high- 
way grading  work  where  fast  shovel  operation  is  so 
frequently  possible,  a  hauling  unit  having  a  unit 
capacity  of  less  than  two  dippers  per  load  should  never 
be  considered.  For  ease  in  maintaining  fast  shovel 
operation,  hauling  units  carrying  three  or  more  dippers 
per  load  are  very  desirable  providing,  of  course,  that 
they  are  otherwise  adapted  to  the  job. 

SPEED  OF  TEAMS  FOUND  TO  BE  FAIRLY  CONSTANT 

Figures  1  and  2  show  the  average  performance  of 
teams  and  wagons  on  actual  projects  for  both  good  and 
slow  wagon  operations.  The  rate  at  which  a  good  team 
of  horses  or  mules  travels  is  about  240  feet  per  minute 
and  is  surprisingly  constant  from  day  to  day  and  from 
job  to  job.  Even  difficult  hauling  conditions — that  is, 
mud,  rough  roads,  ordinary  grades,  etc. — although  they 


may  affect  the  rate  of  travel,  do  so  less  than  might  be 
supposed.  It  is  true  that  some  teams  walk  faster  than 
the  average  and  that  a  few  tend  to  walk  more  slowly. 
Job  conditions  are  such,  however,  that  stock  which 
tends  to  be  fast  gradually  acquires  the  working  pace  of 
the  average.  Slow  stock  does  not  change  its  gait  easily, 
and  in  bad  cases  ought  to  be  sold  and  replaced  by 
normally  gaited  animals.  Table  3  shows  the  hauling 
speed  actually  attained  on  five  different  projects  under 


Light    Loads    and    Increased    Hauling    Time    Caused    by 
Stumps  and  Soft  Ground 
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Fig.  1. — Round-Trip  Time  for  Team  Hauling  with  Good 
and  Slow  Operation.  Time  Constant  Taken  as  One  and 
One-Half  Minutes  with  Good  Operation  and  Two 
Minutes  with  Slow  Operation 
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Table  3. — Hauling  time  and  speed  of  two-horse  bottom-dump 
wagons  exclusive  of  time  of  loading,  dumping,  turning,  and  delays. 
Data  secured  on  five  different  jobs 

lJ^-YARD   WAGONS 


Length 
of  baul 

Hauling  time 

Round- 
trip 
travel 
time 

Round- 
trip 
speed 

Loaded 

Return 

Feet 
550 
600 
500 
350 
350 
350 
500 
200 
300 
300 
200 
500 
500 

Seconds 
140 
149 
124 
87 
77 
82 
111 
58 
77 
70 
65 
130 
124 

Seconds 
138 
143 
126 
81 
75 
82 
105 
45 
71 
64 
60 
132 
132 

Seconds 
278 
292 
250 
168 
152 
164 
216 
103 
148 
134 
105 
262 
256 

Feet  per 
minute 
237 
246 
240 
250 
274 
256 
277 
232 
243 
268 
228 
229 
234 

5,200 

1,284 

1,244 

2,528 

Av.  247 

lJi-YARD   WAGONS 


1H-YARD  WAGONS 


2-YARD  WAGONS 


1^-YARD  WAGONS 


1,590 

363 

353 

716 

266 

1,500 

358 

404 

762 

236 

250 

77 

67 

144 

208 

225 

77 

68 

135 

200 

220 

55 

61 

106 

250 

175 

66 

46 

112 

190 

300 

89 

79 

168 

216 

500 

104 

108 

212 

280 

520 

115 

116 

231 

270 

300 

102 

86 

188 

190 

850 

205 

220 

425 

240 

825 

227 

222 

449 

210 

200 

66 

58 

124 

195 

250 

80 

74 

154 

195 

200 

73 

62 

135 

175 

200 

69 

60 

129 

185 

175 

66 

61 

127 

175 

8,455 

2,250 

2,185 

4,435 

Av.  229 

125 

34 

32 

66 

227 

150 

41 

42 

83 

217 

150 

34 

39 

73 

246 

125 

36 

35 

71 

211 

150 

44 

44 

88 

205 

150 

35 

42 

77 

234 

125 

33 

32 

65 

230 

150 

33 

42 

75 

240 

150 

36 

43 

79 

228 

1,275 

326 

351 

677 

Av.  227 

150 

40 

38 

78 

231 

150 

39 

38 

77 

234 

150 

40 

41 

81 

223 

150 

41 

40 

81 

223 

150 

45 

36 

81 

223 

150 

42 

38 

80 

225 

275 

78 

76 

154 

218 

325 

95 

94 

189 

207 

250 

68 

74 

142 

211 

250 

65 

67 

132 

238 

225 

68 

62 

125 

216 

400 

96 

89 

185 

259 

2,625 

712 

693 

1,405 

Av.  225 

400 

114 

126 

240 

200 

400 

116 

117 

233 

205 

525 

130 

118 

248 

254 

525 

135 

138 

273 

231 

325 

95 

94 

189 

207 

325 

97 

96 

193 

202 

325 

101 

108 

209 

187 

350 

110 

111 

221 

190 

350 

107 

106 

213 

197 

250 

78 

84 

162 

185 

250 

70 

74 

144 

208 

250 

69 

87 

156 

193 

325 

88 

75 

163 

239 

325 

103 

80 

183 

213 

325 

93 

85 

178 

219 

50 

15 

19 

34 

176 

60 

16 

19 

35 

171 

50 

19 

20 

39 

154 

5,340 

1,556 

1,557 

3,113 

Av.  207 

/ 

/ 

A 

W 

/  / 

j 

/A  1/    l  / 

w 

V 

i 

/ 

/ 

//  / 

°  /    / 

/, 
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/ 

// 

f 

0  4  8.         12        16        20        24        28        32        36        40       44       48        52 

round-trip  time-minutes 

Fig.  2. — Round-Trip  Time  for  Team  Hauling  with  Good 
and  Slow  Operation.  Time  Constant  Taken  as  One  and 
One-Half  Minutes  with  Good  Operation  and  Two 
Minutes  with  Slow  Operation 

various  operating  conditions  and  grades  of  manage- 
ment. It  will  be  noted  that  the  average  speed  tends 
to  be  higher  on  the  long  hauls  than  on  the  short  ones. 
The  highest  average  speed  on  any  job  is  247  feet  per 
minute,  while  the  lowest  is  207  feet  per  minute  on  a 
poorly  managed  job  with  a  short  haul  over  a  bad 
surface. 

The  fact  that  good  stock  tends  to  maintain  a  uniform 
working  speed  is  not  a  sufficient  guarantee  that  a 
normal  working  speed  is  always  maintained.  Stock 
which  has  been  handled  by  bad  drivers  and  indifferently 
cared  for  or  worked  under  lax  job  management,  some- 
times develops  a  working  pace  that  is  well  below 
standard.  Such  stock  should  be  placed  in  the  hands 
of  good  drivers  and  speeded  up  to  normal.     &  <■-     i 

Driving  at  a  speed  above^normal  is  sometimes 
found.  If  road  conditions  are  good  the  stock  usually 
will  stand  a  pace  that  is  a  little  above  normal,  particu- 
larly m  returning  fight  from  the  dump.  There  should 
not  be  much  speeding  up  unless  the  country  is  fairly 
level.  Increasing  the  pace  up  grades  of  any  conse- 
quence is  hard  on  stock,  and  even  though  the  gain  in 
output  may  exceed  the  loss  in  the  value  of  the  stock, 
gains  obtained  by  damaging  stock  can  not  be  recom- 
mended. Tables  4  and  5  show  the  results  of  deter- 
minations of  hauling  speed  and  time  constants  in  field 
studies. 
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Table  4. — Effect  of  road  conditions  and  length  of  haul  on  average 
round-trip  speed  of  teams — Studies  made  at  Milford,  Pa.,  in 
March  and  April,  1926 

[All  studies  were  made  on  2-horse  teams  and  1^-yard  dump  wagons.    Each  entry  is 
the  average  of  a  1-hour  study] 


Sec.  Sec. 
1     21.9  13.0 

lM.34.0i  6.0 


2 
1 

1 
2.2 


2 
2 
1.7 


2 


36.0 
13.4 
10.2 
48.0 

38.3 

37.0 

42.6 

55.0 
28.7 

12.0 
12.0 
12.0 


1.5 


28.7 


13.2 


Sec. 


9.  (i 


Sec. 

45.0 

19.0 

10. 3  10. 0 
6. 0  14. 0  10. 6 
8.214.4;  5.4 
4. 8  12.  6  15. 0 


7.3 
4.0 

5.3 

12.7 
5.3 

6.6 
7.2 
5.7 


10.0 
7.0 
18.1 


40.6 
19.0 

27.0 


14.3  13.7 
15. 1124.0 

19.010.4 

12. 4  22.  6 
17.  8  10. 2 


16.  3  15.  5 


Sec 


15.6 
13.0 
14.0 


12.6 
4.0 


4.2 


Ft.per 
min. 
232 
258 
244 
261 
251 
194 

194 

222 

i  140 

1  140 

177 

1  158 
203 
230 


Sec.    Ft. 

205.0   325 
26.8   34. 


224 


48.0 
99.0 
87.0 
524.0 

320.0 

124.0 

189.0 

351.0 
253.0 

110.0 
176.0 
80.0 


185.2 


309 


Road  conditions 


Good,  smooth;  no  grades. 

Very  good. 

Good;  hard  and  dry. 

Good  gravel;  hard  and  dry. 

Good  gravel;  hard;  no  grades. 

Very  muddy,  rough;  bottle  neck  mid- 
way, 10  per  cent  down  grade. 

Very  muddy,  rough;  bottle  neck  mid- 
way. 

Load  haul  muddy  and  rough;  return 
good,  dry. 

Very  muddy  and  spongy;  used  snatch 
team. 

Very  muddy,  3  per  cent  down  grade. 

Muddy  and  sticky  on  fill;  spongy  at 
shovel. 

Muddy  but  no  deep  ruts;  weather  cold 

Very  muddy  and  rutted. 
Do. 


'  Not  included  in  average. 

Table  5. — Average  value  of  time  constant  and  hauling  speed  from 
representative  studies  where  two-horse  teams  were  used 


Capacity 

of  wagons 

(cubic 

yards) 

a 

09 

O 

VI 

>> 

08 

%  O. 

•a  a 

VI  +j  . 

.t2  03 
09 

CI 

'E 
R 

C3 

emo. 

T3  bo 

a  a 

oU'C 

>  & 

a 

o 
o 

2*» 

cS 
O 
Eh 

■a 

OS 

a 

£ 
bo 

□ 

►J 

Hauling 
time 

a 
~.Ej 

3  a 

a 

a. 

,  ■a 

3 
Eh 

tOtD  > 

0  3° 
-- •  mJ3 

a  §■» 
3  H  o3 
Eh 

T3 

■O 
03 
O 

a 

3 
o 
P4 

m 

Wi 

Sec. 
37.0 
32.0 
38.4 
32.4 
41.8 
66.5 
36.0 
34.0 

Sec. 

"~40~8 
5.9 
9.6 

676 

Sec. 

4.0 
7.7 
4.9 
7.7 
6.7 
12.6 
13.2 
6.0 

Sec. 
7.0 
15.7 
11.1 

Sec. 
19.0 
14.3 

17.2 

Sec. 
67.0 

110.5 
77.5 
78.1 
85.0 
86.0 
69.5 
68.0 

Ft. 

1500 
497 
400 
142 
297 
219 
460 
345 

Sec. 

'97.0 

132.3 
98.8 
36.2 
86.5 
59.3 

114.2 
80.4 

Sec. 
■174.0 

128.5 
95.7 
39.0 
86.5 
57.8 

112.0 
80.1 

Sec. 
271.0 
260.8 
194.5 
75.2 
173.0 
117.1 
226.2 
160.5 

Ft.per 
sec. 
221 
229 

VA.... 

247 

V-A 

16.6      11.8 

227 

iy2 

2 

13.9 
6.3 
10.3 
19.0 

22.6 

10.0 
9.0 

207 
225 

m 

\y2 

244 
258 

Average... 

39.8 

7.1 

7.9 

12.5 

13.0 

80.2 

358 

88.1 

96.7 

184.8 

232 

i  Haul  distance  for  loaded  wagons  350  feet  but  return  to  avoid  steep  grade  was  650 
feet. 

PROFITS  OFTEN  AFFECTED  BY  DUMPING  PRACTICE  AND  METHODS 
OF  FILL  CONSTRUCTION 

A'conspicuous  factor  in  increasing  the  cost  of  short- 
haul  work  is  the  common  practice  of  working  all  of 
the  wagons  assigned  to  the  shovel  without  regard  to 
the  number  needed.  When  the  haul  is  short,  there  is 
generally  an  over-supply  of  wagons  and  the  teams 
must  wait  at  the  shovel  before  being  loaded.  This 
practice  may  be  due,  in  part,  to  the  variation  in  haul 
distance  from  hour  to  hour,  but  perhaps  to  a  greater 
extent  to  the  condition  of  the  labor  market.  Men  will 
not  stay  on  the  job  unless  they  can  have  reasonably 
steady  work.  The  result  is  that  the  operating  expense 
is  the  same  for  all  hauls  up  to  the  point  where  the  output 
capacity  of  the  shovel  and  the  hauling  capacity  of  the 
wagons  are  in  balance. 

In  this  connection  it  may  be  appropriately  observed 
that  much  lost  time  would  be  saved  if  the  dump  were 
more  scientifically  handled.  The  present  tendency  is 
to  confine  the  placement  of  material  to  a  small  area. 
This  often  has  the  advantage  that  it  tends  to  keep  the 
length  of  haul  fairly  uniform  for  all  the  hauling  units. 


But,  if  the  rate  of  production  is  high  a  small  dump 
area  is  somewhat  difficult  to  handle  without  more  or 
less  delays  which  are  unimportant  on  short  hauls  with 
a  surplus  of  teams,  but  which  become  exceedingly  im- 
portant on  the  longer  hauls. 

An  even  more  important  cause  of  lost  team  time  is 
the  common  practice  of  beginning  fills  at  a  point  near 
the  shovel  and  extending  the  fill  and  cut  in  opposite 
directions.  As  a  result  the  haul  generally  varies  from 
practically  zero  at  the  beginning  to  the  full  distance 
between  balance  points  at  the  finish.  Figure  3  shows 
a  typical  example  of  this  kind.  If  both  cut  and  fill 
are  started  at  grade  point  B,  the  length  of  haul  will 
increase  until  when  the  shovel  reaches  the  point  A, 
the  dump  will  have  reached  C  with  a  haul  of  1,200 
feet.  Under  ordinary  operating  conditions  3  two-horse 
wagons  would  be  sufficient  to  maintain  full-shovel  pro- 
duction at  the  beginning,  but  15  would  be  necessary 


rl  Site*  ™  w*  l^Smml 

I  wW  *#' rata 


"Bottle  Necks"  Almost  Always  Increase  the  Average 
Trip  Time  of  Hauling  Units 

'f-  1200  feet  between  balance  points-*' 


kFULL  SHOVEL  OUTPUT^ 
950  CUBIC  YARDS 


^REDUCED  SHOVEL  PRODUCTION' 
ON   1250  CUBIC  YARDS 


300  CUBIC  YAROS  AT 

725  FEET  HAUL      I 

III 

200  CUBIC  YARDS  ATl_ 

800  FEET  HAUL 

1       I       I 
500  CUBIC  YAROS  ATl_ 

750 FEET  HAUL 

I       I 

500  CUBIC  YAROS  AT  I 

750  FEET  HAUL       I 

400  CUBIC  YARDS  ATI 
750  FEET  HAUL 

j^    300  CUBIC  YARDS  AT 

700  feet  haul   "** 

Fig.  3. — Diagram  Showing  Haul  Distances  Where  End 
Dumping  is  Practiced  and  Where  the  Fill  Begins  at 
the  Balance  Point  and  is  Carried  in  the  Same  Direction 
as  the  Cut.  Based  on  Assumption  that  Full  Shovel 
Production  (M-Yard  Shovel)  is  Maintained  Up  to  a 
750-Foot  Haul  with  Ten  2-Horse  Teams 
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at  the  end.  If  enough  teams  are  brought  on  the 
job  to  maintain  full-shovel  production  when  the  longest 
haul  is  reached,  then  12  will  be  idle  during  the  first 
part  of  the  work. 

Better  results  can  often  be  obtained  by  beginning  the 
fill  at  the  balance  point  B,  and  working  it  back  toward 
the  cut,  i.  e.,  by  working  the  fill  and  the  cut  in  the  same 
direction.  This  tends  to  maintain  a  more  nearly 
uniform  haul  distance  and  balance  between  shovel 
output  and  wagon  supply.  Assume  that  10  teams  are 
available  on  the  job  illustrated  in  Figure  3,  and  that 
they  can  just  handle  full-shovel  production  with  a  haul 
of  750  feet.  If  operation  is  conducted  in  the  usual 
manner  with  the  fill  being  extended  away  from  the 
shovel — 950  cubic  yards  will  be  handled  within  the 
haul  distance  at  which  the  wagon  supply  can  support 
full  production  at  the  shovel.  Beyond  that  distance 
production  decreases  until  when  the  end  of  the  fill  is 
reached  the  teams  are  able  to  haul  only  about  two- 
thirds  of  full  shovel  production.  The  lower  portion 
of  Figure  3  shows  that  it  is  possible  to  complete  the 
work  without  exceeding  a  haul  of  800  feet  and  that  for 
only  200  cubic  yards.  For  the  remaining  2,000  cubic 
yards  the  ten  teams  should  be  able  to  maintain  full 
shovel  production.  At  no  time  will  more  than  one 
team  be  idle  nor  more  than  one  additional  team  be 
needed.  Production  will  amount  to  about  99  per  cent 
of  possible  shovel  output.  If  the  job  is  handled  by 
the  other  method  then  the  shovel  production  for  1,250 
cubic  yards  will  be  at  an  average  rate  of  only  about  78 
per  cent  of  full  production  and  86  per  cent  for  the  entire 
cut  with  correspondingly  increased  cost.  This  is  a 
matter  of  no  small  consequence  when  margins  of  profit 
are  narrow. 

There  are  times  when  work  can  not  reasonably  be 
conducted  in  this  way,  as  in  rough  and  mountainous 
country  where  end  dumping  must  be  practiced. 
Sometimes  boggy  soil,  rough  or  stump  covered  land, 
etc.,  make  hauling  over  the  original  ground  surface 
difficult.  Other  examples  could  be  noted.  Neverthe- 
less there  are  a  large  number  of  projects  where  saving 
of  some  importance  can  be  made  by  working  the  cut 
and  the  fill  in  the  same  direction. 

FORMULAS  DERIVED  FOR  DETERMINING  HAULING  COSTS 

The  total  time  required  per  trip  for  talcing  on  the 
load,  dumping  it,  turning  around  at  the  dump,  getting 
into  position  at  the  shovel,  and  necessary  miscellaneous 
delays  has  been  termed  the  time  constant  and  together 
with  the  time  required  to  haul  the  load  to  the  dump  and 
to  return  from  the  dump  to  the  shovel  makes  up  the 
total  time  required  to  handle  a  load.  This  time  con- 
stant plays  a  very  important  part  in  fixing  the  cost  of 
all  short-haul  work  for  any  given  set  of  conditions. 
Its  relation  to  the  various  factors  other  than  manage- 
ment which  influence  the  cost  of  hauling,  is  expressed 
as  follows: 


r=  hA(2     Tn 

°       3W\S  +  L; 


(1) 


K    60M  S  H 


n)  (2) 

Where 

A  =  the  rental  or  cost  of  the  vehicle  in  cents  an 
hour  of  working  time  (team,  wagon,  and 
driver). 


W=  average  load  of  vehicle  in  cubic  yards. 
S  =  average  round-trip  operating  speed  of  ve- 
hicle, exclusive  of  all  standing  time,  in  feet 
a  minute. 
T=time    constant — that    is,    sum    of    time   in 
minutes   required    per    trip    for   loading, 
dumping,   turning,  and  all  regular  waits 
and  delays. 
L  =  length  of  haul  in  feet. 
C=cost  of  hauling  material  in  cents  per  cubic 

yard  station. 

2T=cost  in  cents  per  cubic  yard  of  hauling  the 

material  the  entire  distance  L. 

These  formulas  can  be  used  to  find  not  only  the 

probable  cost  of  the  hauling  under  any  given  set  of 

conditions,  but  also  to  indicate  what  type  of  equipment 

should  prove  most  advantageous.     For  fixed  values  of 

A 

S,  T,  and  L,  the  hauling  cost  varies  directly  as  -r^.    But, 

for  the  kind  of  equipment  suitable  for  use  with  the 

power  shovel  in  ordinary  grading  work,  the  variation  of 

A 

w  is  over  a  comparatively  limited  range.     For  team 

hauling  the  cost  of  a  two-horse  team,  wagon,  and  driver, 
or  A,  is  generally  found  to  be  between  75  cents  and  $1 
per  hour  and  the  average  load,  or  W,  carried  by  the 
wagons  from  1  to  1^  cubic  yards.  The  extreme 
range  of  the  fraction  is  thus  100  per  cent,  but  for  any 
given  region  the  limit  is  usually  fixed  within  10  to  20 
per  cent.  For  three-horse  teams  with  wagon  and  driver 
the  cost  is  usually  found  to  be  between  $1  and  $1.25 
an  hour  and   the  average  load  is  between  1%  and  2 

A 

cubic   yards.     The  extreme  range  of   the  fraction    ™- 

is  then  about  67  per  cent,  but  for  any  given  locality  it 
is  seldom  greater  than  one-fourth  of  this.     Variations 

in  the  value  of  ^  are  not  large  and  are  usually  favorable 

to  the  larger  units. 

The  length  of  haul,  L,  is  of  course  dependent  on  the 
job,  but  the  speed,  S,  and  the  time  constant,  T,  vary 
with  both  the  equipment  used  and  the  conditions 
under  which  it  is  operated.  The  speed  at  which  a  team 
will  travel  under  fair  conditions  and  good  management 
should  be  close  to  240  feet  a  minute  and  seldom  less 
than  220  feet,  even  under  adverse  conditions. 

The  time  constant,  T,  varies  with  a  number  of  con- 
ditions, the  more  important  being  the  kind,  size,  and 
type  of  the  hauling  equipment,  the  efficiency  of  the 
management,  the  character  and  condition  of  the  mate- 
rial, and  the  width  of  the  roadway.  For  two-horse 
team  haul,  T  might  under  very  favorable  conditions 
be  as  low  as  one  minute  and  should  not  exceed  two 
minutes  even  under  unfavorable  conditions.  For 
three-horse  teams,  T  usually  varies  between  one  and 
one-half  and  two  minutes  under  normal  field  conditions. 
Under  adverse  conditions  or  poor  management,  these 
figures  may  readily  be  doubled. 

Returning  to  the  equation  (1)  we  note  that  under 

5A 
prevailing  prices  and  conditions,  the  factor  ^-w  is  not 

likely  to  be  much  different  whether  we  use  two  or  three 

2 
horse  teams.    The  term  -^  for   teams  will  generally    be 

between  0.01  and  0.008  and  under  good  management  and 
fair  conditions  may  be  expected  to  be  about  0.0083. 
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The   term,   j,   however,   varies   inversely   with   the 

length  of  the  haul.  As  the  haul  may  be  anything  from 
a  few  feet  to  several  thousand  feet,  it  is  clear  that  this 
term  will  vary  between  wide  limits.  It  is  also  clear 
that  on  short  hauls — that  is,  where  L  is  small — the 
speed,  S,  can  never  under  actual  field  conditions  be 
high  enough  to  materially  affect  the  cost  of  hauling  per 
cubic  yard  station.  In  order  to  illustrate  this  more 
fully  Table  6  has  been  prepared,  based  on  a  value  of  T 
of  one  and  one-half  minutes  for  two-horse  teams  and 
two  minutes  for  three-horse  teams. 

Particular  attention  is  called  to  the  fact  that  the 
time  constant,  T,  as  used  in  this  discussion  has  reference 
only  to  actual  working  conditions.  Extraordinary 
delays  or  shut-downs  when  both  the  shovel  and  the 
hauling  equipment  are  idle  are  not  included.  The 
effect  which  the  type  of  hauling  equipment  has  on  the 
cost  of  carrying  the  job  during  such  periods  of  idleness 
is  to  be  discussed  later. 

The  hauling  cost  never  forms  more  than  a  part  of 
the  total  operating  cost  in  power-shovel  work.  Con- 
sequently, this  formula  should  not  be  used  to  forecast 
the  actual  unit  production  cost  unless  it  is  reasonably 
certain  that  the  number  of  hauling  units  with  the  shovel 
will  be  in  proper  balance  with  the  rate  at  which  the 
shovel  can  handle  the  particular  material  in  question, 
or  allowance  made  for  any  deficiency  in  hauling  units. 
Estimates  of  probable  unit  production  cost  or  probable 
job  costs  should  therefore,  in  general,  follow  the  method 
illustrated  in  the  latter  portion  of  this  article. 

Table  6  brings  out  the  following  pertinent  facts: 

For  any  given  speed  and  time  constant  the  cost  of 
hauling  for  any  distance  decreases  as  the  load  increases. 
The  advantage,  therefore,  lies  with  the  larger  wagons 
providing  road  and  operating  conditions  will  permit 
their  use. 

For  any  given  size  of  load  and  time  constant  any 
attainable  increase  in  the  round-trip  speed  produces 
only  a  relatively  small  decrease  in  the  cost  of  hauling  on 
short-haul  work.  It  is  only  on  long-haul  work  that 
speed  becomes  of  major  importance,  but  even  then  it 
can  not  attain  the  importance  of  an  equal  percentage 
increase  in  the  size  of  the  load. 

When  using  teams  on  short  hauls  speed  is  of  relatively 
minor  importance  in  comparison  with  the  size  of  the 
time  constant.  Table  7  brings  out  the  preponderant 
effect  of  the  time  constant  on  short  hauls  and  its 
relatively  minor  importance  on  long  hauls.  The 
table  shows  the  number  of  loads  which  can  be  hauled 
per  hour  for  various  distances  when  the  average 
round-trip  speed  is  constant  at  240  feet  per  minute, 
with  time  constants  of  from  1  to  4  minutes  per  round 
trip.  Decreasing  the  time  constant  from  4  to  1 
minute  per  trip  for  a  100-foot  haul  increases  the  number 
of  loads  per  hour  by  almost  164  per  cent.  When  the 
haul  is  3,000  feet  and  all  conditions  as  to  speed,  etc., 
remain  the  same,  a  like  decrease  in  the  time  constant 
increases  the  number  of  loads  by  only  a  little  over  12 
per  cent.  In  other  words,  the  important  elements  for 
the  management  to  watch  in  connection  with  the 
hauling  equipment  are:  (1)  The  speed  and  size  of  the 
load,  but  especially  the  size  of  the  load,  on  all  long- 
haul  work;  and  (2)  the  size  of  both  the  time  constant 
and  the  load,  but  especially  the  size  of  the  time  con- 
stant, on  all  short-haul  work. 


DIAGRAMS  DEVELOPED  FOR  PRELIMINARY  CALCULATIONS 


For  rapid  preliminary  calculations  formulas  1  and  2 
may  be  solved  by  use  of  the  diagrams  shown  in  Figures 
4  and  5.  The  following  examples  will  illustrate  the 
method  of  using  these  graphs: 

1.  What  will  be  the  cost  per  cubic  yard-station 
when  the  haul  is  575  feet,  the  time  constant  4  minutes 
per  load,  the  average  round  trip  speed  300  feet  per 
minute,  the  average  load  2Y2  cubic  yards,  and  the  cost 
of  the  vehicle  $1.75  per  hour? 

Enter  the  left  margin  of  Figure  4  at  575  feet  and  pro- 
ceed horizontally  to  the  intersection  with  the  time- 
constant  curve  having  a  value  of  4  minutes,  then  ver- 
tically to  the  intersection  with  the  diagonal  line  for  a 
speed  of  300  feet  per  minute,  thence  horizontally  to 
the  intersection  with  the  diagonal  sloping  downward 
toward  the  left  and  marked  "60=Base,"  thence  pro- 
ceed vertically  to  intersection  with  diagonal  marked 

70,  since  r^  in  this  case  is  equal  to  70.     The  number  on 

Table  6. — Cost  of  hauling  common  excavation  with  teams  and 
wagons 

[Cost  of  two-horse  team,  wagon,  and  driver  taken  at  $0.75  per  hour;  cost  of  three- 
horse  team,  wagon,  and  driver  taken  at  $1  per  hour] 

TWO-HORSE  TEAMS 


Average  round-trip  speed,  feet  per  minute 

220 

240 

Haul  in  feet 

Size  of  average  load 

Size  of  average  load 

1  cubic  yard 

114  cubic  yards 

1  cubic  yard 

\\i  cubic  yards 

K 

C 

K 

C 

K 

C 

K 

C 

100... 

3.011 

4.148 

5.284 

6.420 

7.557 

8.693 

9.830 

10.  966 

12. 102 

13.  239 

18.  920 

24.  602 

35.  966 

3.011 
2.073 
1.761 
1.605 
1.511 
1.449 
1.404 
1.371 
1  345 
1.324 
1.261 
1.230 
1.199 

2.409 
3.318 

4.227 

5.136 

6.045 

6.955 

7.864 

8.773 

9.684 

10.  591 

15.  136  < 

19.  682 

28.773 

2.409 
1.659 
1.409 
1.284 
1.209 
1.159 
1.123 
1.097 
1.076 
1.059 
1.009 
0.984 
0.  959 

2.917 

3.958 

5.000 

6.042 

7.083 

8.125 

9.167 

10.  208 

11.250 

12.  292 

17.  500 

22.  708 

33.  125 

2.917 
1.979 
1.667 
1.511 
1.417 
1.354 
1.310 
1.276 
1.250 
1.229 
1.167 
1. 135 
1.104 

2.333 

3.167 
4.000 
4.833 
5.667 
6.500 
7.333 
8.167 
9.000 
9.  833 
14.000 
18.  167 
26.  500 

2  333 

200 

1  583 

300... 

1.333 

400 

1.208 

500 

1.  133 

600... 

1.083 

700 

1.047 

800 

1.021 

900  .. 

1.000 

1,000... 

0.983 

1,500 

0.933 

2,000... 

0.908 

3,000 

0.883 

THREE-HORSE  TEAMS 


Average  round-trip  speed,  feet  per  minute 

220 

240 

Haul  in  feet 

Size  of  average  load 

Size  of  average  load 

l^cub 

ic  yards 

2  cubic  yards 

VA  cubic  yards 

2  cubic  yards 

K 

C 

K 

C 

K 

C 

K 

C 

100 

3.232 

4.242 

5.253 

6.263 

7.273 

8.283 

9.293 

10.  303 

11.313 

12.  323 

17.  374 

22.  424 

32.  525 

3.232 
2.121 
1.751 
1.566 
1.455 
1.380 
1.328 
1.288 
1.257 
1.232 
1.158 
1.121 
1.084 

2.424 

3.182 

3.940 

4.697 

5.455 

6.212 

6.970 

7.727 

8.485 

9.242 

13.  030 

16.818 

24.  394 

2.424 
1.591 
1.313 
1.174 
1.091 
1.035 
0.996 
0.966 
0.943 
0.924 
0.869 
0.841 
0.813 

3.148 
4.074 
5.000 
5.926 
6.852 
7.778 
8.704 
9.630 
10.  556 
11.481 
16.111 
20.  741 
30.  000 

3.148 
2.037 
1.667 
1.481 
1.370 
1.296 
1.243 
1.204 
1. 173 
1. 158 
1.074 
1.037 
1.000 

2.361 
3.056 
3.750 
4.444 
5.139 
5.833 
6.528 
7.222 
7.917 
8.611 
12.  083 
15.  555 
22.  500 

2.361 

200 

1.528 

300 

1.250 

400... 

1.111 

500 

1.028 

600 

0.972 

700. . . 

0.933 

800 

0.903 

900... 

0.880 

1,000 

0.861 

1,500 

2,000    

0.801 
0.778 

3,000.. 

0.750 

K  =  Total  cost  in  cents  of  hauling  each  cubic  yard  the  given  distances. 
C= Average  cost  in  cents  per  cubic  yard  station  for  the  given  distances. 
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Fig.  4. — -Diagram  for  Use  in  Solving  Formula  for  Determining  Cost  of  Hauling  Per  Cubic  Yard  Station 
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5. — Diagram  for  Use  in  Solving  Formula  for  Determining  Cost  of  Hauling  1  Cubic  Yard  a  Distance  L 
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Table  7. — Loads  hauled  per  hour  at  average  round-trip  speed  of 
240  feet  per  minute  for  various  time  constants,  T,  and  given 
distances 

60S    . 
[Loads  per  hour    =    2L+ST' 


Haul  in  feet 

Total  time  constant,  T,  in  minutes 

1 

M 

m 

1% 

2 

2H 

3 

4 

100__ 

32.  75 
22.50 
17.15 
13.84 
11.60 
10.00 
8.28 
6.43 
4.44 
3.40 
2.32 

28.83 
20.60 
16.00 
13.11 
11.09 
9.60 
8.00 
6.27 
4.37 
3.35 
2.29 

25.73 
18.96 
15.00 
12.42 
10.60 
9.25 
7.75 
6. 11 
4.29 
3.30 
2.26 

23.  25 
17.57 
14.  11 
11.81 
10.15 
8.90 
7.50 
5.96 
4.21 
3.26 
2.24 

21.20 
16.38 
13.  35 
11.25 
9.75 
8.58 
7.28 
5.81 
4.14 
3.21 
2.22 

18.00 
14.40 
12.00 
10.29 
9.00 
8.00 
6.86 
5.54 
4.00 
3.17 
2.17 

15.67 
12.85 
10.90 
9.48 
8.38 
7.52 
6.48 
5.30 
3.87 
3.10 
2.14 

12.41 

200 

10.60 

300 

9.24 

400 

8.18 

500 

7.35 

600 

6.67 

750 

1,000... 

5.86 
4.87 

1,500..   . 

3.64 

2,000 

2.90 

3,000 

2.07 

the  right  margin  opposite  this  intersection,  or  1.6cents, 
is  the  approximate  cost  per  cubic  yard  station  of 
hauling  material. 

2.  Find  the  total  cost  of  hauling  material  965  feet 
when  the  cost  of  the  vehicle  is  $1.75  per  hour,  the  time 
constant  3  minutes,  the  speed  500  feet  per  minute  and 
the  average  load  2J^  cubic  yards. 

Enter  Figure  5  on  the  left-hand  margin  at  965  feet 
and  proceed  horizontally  to  intersection,  with  speed 
line  for  500  feet  per  minute;  then  vertically  to  inter- 
section, with  time  constant  line  for  3  minutes;  thence 
horizontally  to  diagonal,  sloping  downward  toward  the 

left  and  marked  "Base  =  60;"  thence,  since  t^  =  70,  go 

down  vertically  to  line  marked  70,  which  is  opposite 
8.0  on  right  margin.  This  is  the  cost  in  cents  per  cubic 
yard  of  hauling  material  965  feet  under  the  above  given 
conditions. 

DETERMINATION  OF  NUMBER  OF  HAULING  UNITS  AN  IMPORTANT 
PROBLEM 

Failure  to  provide  sufficient  well-conditioned  and 
properly  operated  hauling  units  to  handle  the  full 
shovel  capacity  is  more  than  any  one  thing  responsible 
for  low  output  and  consequent  loss  of  profits.  But  not 
all  low  production  and  high  unit  costs  can  be  charged 
to  the  shortcomings  of  the  contractor.  Whenever  the 
design  is  such  that  the  length  of  haul  fluctuates  fre- 
quently and  irregularly  over  wide  limits,  the  cost  is 
bound  to  be  high  under  any  plan  of  operation.  It  is 
doubtful  if  the  designing  engineer  realizes  the  extra 
cost  he  imposes  on  projects  by  failing  to  give  proper 
consideration  to  haul  lengths.  In  fact,  the  cost  of 
handling  jobs  of  this  kind  may  be  so  high  as  to  preclude 
any  possibility  of  a  profit  unless  taken  at  a  margin  far 
above  customary  prevailing  prices.  On  jobs  with 
widely  fluctuating  hauls  the  problem  of  determining 
what  hauling  equipment  should  be  sent  to  the  job  in 
order  to  obtain  the  lowest  practical  operating  cost  for 
the  entire  job  is,  therefore,  a  very  important  problem 
and  one  which  will  be  considered  in  some  detail. 
Whenever  the  customary  practice  is  followed  of  sending 
to  the  job  a  definite  number  of  hauling  units  which  are 
retained  until  the  work  is  completed,  the  following 
method  can  be  used  to  determine  the  number  required 
to  complete  the  job  at  the  lowest  probable  cost.  The 
hauling  formulas  are  as  follows: 


K==fowvs+T) 


Q- 


60S 


2L  +  ST 


iV     St  +  t 


Y= 


St 


(2) 
(3) 
(4) 

(5> 


5A/2     T^ 
3W\S  +  Ly 


(1) 


Where 

C  —  cost   of   hauling   in   cents   per   cubic   yard 

station. 
iT  =  cost  in  cents  per  cubic  yard  of  hauling  the 

material  a  distance  L. 
Q=number  of  loads  hauled  per  hour  by    one 

vehicle. 
iV  =  number  of  vehicles  needed  to  just  handle 

full  shovel  output  for  any  haul  L. 
]T=increase  in  length  of  haul  in  feet  at  which 
another  vehicle  must  be  added  if  shovel 
is  to  maintain  full  production. 
A  =cost  or  rental  of  each  vehicle  in  cents  per 

hour. 
W=  average  pay  load  in  cubic  yards  carried  by 

vehicle. 
S  =  average  round-trip  speed  in  feet  per  minute 

exclusive  of  all  stops. 
L  =  length  of  haul  in  feet. 

T  =  total  time  constant  in  minutes;  that  is,  the 
sum  of  the  average  time  required  each 
round  trip  to  take  on  the  load,  dump  it, 
turn  and  maneuver  both  at  the  dump 
and  shovel,  and  all  stops  or  delays. 
<  =  time  in  minutes  required  to  take  on  load, 
or  longest  regular  delay  if  this  exceeds 
the  loading  time. 

MASS  DIAGRAM  REQUIRED  IN  PLANNING   WORK 

When  a  job  is  to  be  analyzed  for  the  purpose  of 
determining  the  most  economical  equipment,  the  first 
step  is  to  determine  the  haul  distance  (in  stations)  from 
the  excavation  and  embankment  quantities  appearing 
on  the  project  plans.  The  yardage  for  each  of  the 
various  haul  distances  can  be  determined  most  readily 
by  means  of  a  mass  diagram.  The  mass  diagram  is 
simply  a  curve  showing  the  algebraic  sum  of  the  cumu- 
lative station  quantities  plotted  consecutively  station 
by  station  from  left  to  right  with  reference  to  a  hori- 
zontal base  line,  cuts  being  considered  as  plus  and  fills 
as  minus  quantities  with  the  proper  factor  applied  for 
swell  or  shrinkage.  (See  fig.  6.)  Thus,  a  rising  slope 
of  the  curve  indicates  cut  and  a  falling  slope  indicates 
fill.  At  each  balance  point  the  curve  crosses  the  base 
line.  A  horizontal  portion  indicates  grade — that  is, 
neither  cut  nor  fill — while  any  line  drawn  parallel  to 
the  base  will  only  cut  the  curve  at  points  between 
which  cuts  and  fills  will  balance.  Areas  above  the 
base  line  indicate  a  forward  haul,  and  areas  below  the 
base  line  represent  a  backward  haul,  while  the  area 
inclosed  by  the  curve  and  the  base  line  between  balance 
points  represents  the  total  cubic  yard  stations  of  haul 
between  such  points. 

The  total  cubic  yard  stations  of  haul  involved  in 
any  project  is  fixed  by  the  design.     The  contractor  is 
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limited  to  determining  in  what  manner  and  with  what 
equipment  he  can  perform  this  work  at  the  lowest  pos- 
sible cost.  To  do  this  he  must  know  not  only  the  total 
cubic  yard  stations  of  haul  and  the  average  haul  for 
the  job  or  balance  sections  but  he  must  know  how  far 
he  must  haul  the  material  each  day  he  is  on  the  job. 
If  the  fills  are  to  be  placed  by  end  dumping  or  any 
other  method  of  working  the  cuts  and  fills  in  opposite 
directions,  the  quantities  for  each  length  of  haul 
between  balance  points  can  be  taken  almost  directly 
from  the  mass  diagram  by  simply  noting  the  vertical 
distance  between  each  of  a  series  of  lines  drawn  parallel 
to  the  base  and  so  spaced  that  each  line  is  100  feet  or 
any  other  desired  unit  shorter  or  longer  than  its  neigh- 
bor. The  vertical  distance  between  any  two  of  these 
lines  represents  the  yardage  which  has  a  haul  equal  to 
the  distance  represented  by  the  average  of  the  two 
bounding  horizontal  lines. 

Where  a  sag  is  encountered  in  the  curve  as  the  lines 
are  ruled  progressively  from  the  base  toward  the  apex, 
the  first  line  cutting  the  curve  should  be  moved  up  or 
down  until  just  tangent  to  the  curve  at  the  point  where 
the  sag  is  nearest  the  base  line.  This  secondary  base 
line  should  then  be  considered  as  the  base  for  the  re- 
maining areas  of  the  curve  or  until  another  sag  is 
encountered,  in  which  case  the  same  process  is  repeated. 
The  quantities  with  the  corresponding  hauls  can  then 
be  scaled  or  read  from  the  diagram  and  entered  in  the 
tabulation  prepared  for  each  section  between  balance 
points. 

The  mass  diagram  can  also  be  used  to  find  the  quan- 
tity for  each  haul  distance  when  the  dump  and  cut  are 


both  worked  in  the  same  direction  since  the  total  area 
within  the  curve  of  the  mass  diagram — that  is,  the 
total  cubic  yard  stations  of  haul — is  not  altered  by  the 
order  in  which  the  individual  quantities  are  moved 
nor  where  they  are  placed  so  long  as  no  useless  haul  is 
performed.  In  this  case  it  is  convenient  to  space  the 
parallel  horizontal  lines  at  some  given  unit,  as,  for 
example,  100  cubic  yards  apart,  and  also  to  draw  verti- 
cal lines  at  each  grade  point — that  is,  at  each  summit. 
The  distance  which  any  quantity  will  be  hauled  is 
then  measured  by  the  mean  distance  of  this  quantity 
from  the  grade  point — that  is,  the  vertical  line — plus 
the  mean  distance  from  this  grade  point  to  its  place  of 
disposal.  Figure  6  shows  the  areas  for  which  the  haul 
distances  are  combined  when  using  this  method. 

The  method  may  be  varied  to  correctly  represent  the 
placing  of  any  particular  excavation  at  any  point  in 
the  embankment.  The  quantities  with  their  corre- 
sponding haul  distances  are  then  entered  in  the  table 
in  the  same  manner  as  in  the  first  case.  Since  all 
quantities  in  cut  are  represented  by  corresponding 
fiU  areas,  this  method  is  not  likely  to  result  in  any 
large  errors  passing  undetected.  The  first  two  columns 
of  Table  8  show  the  summarized  results  of  calculations 
of  this  kind.  Such  data  should  appear  on  all  plans 
involving  grading. 

METHOD  OF  DETERMINING  TEAM  SUPPLY  OUTLINED 

It  is  then  necessary  to  determine  the  probable  rate 
of  production  at  the  shovel  on  the  basis  of  past  expe- 
rience with  material  of  the  type  involved,  the  cross- 
section   to   be   used,  etc.     As  an  example,  it  will  be 
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assumed  that  the  conditions  are  such  that  the  shovel 
can  maintain  a  fairly  constant  rate  of  72  cubic  yards 
per  hour  or  720  cubic  yards  per  10-hour  day,  and  that 
hauling  will  be  done  with  wagons  carrying  two  dipper 
loads  averaging  0.45  cubic  yard  each,  or  0.9  cubic 
yard  per  wagonload  as  measured  in  place.  The  shovel 
output  will  then  amount  to  80  wagonloads  per  hour. 

The  number  of  days'  work  involved  if  full  shovel 
production  were  maintained  throughout  the  job  is  next 
determined  as  indicated  in  column  3  of  Table  8.  If  a 
team  supply  for  the  longest  haul  is  sent  out  and  we 
assume  a  team  speed  of  240  feet  a  minute  and  a  time 
constant  of  \Vi  minutes  with  three-fourths  minute  for 
loading  time,  we  find  from  formula  (4)  that  53  teams 
would  be  required.  But,  to  send  out  53  teams  is  ob- 
viously not  a  practical  procedure.  The  problem  is  to 
find  the  number  of  teams  which,  continued  on  the  job, 
can  complete  it  at  the  lowest  total  cost.  Direct  for- 
mulas for  this  purpose  would  be  too  complex  and  a 
solution  by  comparative  elimination  or  a  graphical 
solution  is  preferable.  The  remaining  columns  of 
Table  8  show  such  a  trial  for  15,  17,  18,  19,  20,  22, 
and  23  teams,  the  figures  shown  being  woiked  out 
through  the  formulas  previously  given. 

In  applying  the  formulas  to  this  example  it  has  been 
assumed  that  a  team  and  wagon  costs  $7  a  day,  operat- 
ing the  shovel  $50  a  day,  and  handling  the  dump  (no 
rolling)  costs  $15  a  day.  These  costs,  of  course,  vary 
on  different  jobs,  but  those  given  are  thought  to  be 
fairly  representative  and  will  serve  for  purposes  of 
illustration.  The  figures  include  operating  cost  and 
depreciation,  but  do  not  include  overhead,  weather 
losses,  getting  on  and  off  the  job,  etc.,  since  this  study 
pertains  only  to  direct  operating  costs.  With  these 
assumptions  we  find  that  the  shovel  and  15  wagons, 
with  dump  handling,  cost  $170  a  day;  with  18  wagons, 
$191  a  day;  with  20  wagons,  $205  a  day;  with  22 
wagons,  $219  a  day;  and  with  23  wagons,  $226  a  day. 

If,  for  example,  15  wagons  are  provided  and  80  loads 
are  to  be  taken  out  every  hour,  each  wagon  must  haul 
5J/-3  loads  per  hour  if  full  production  is  to  be  maintained. 
This  is  one  load  every  \\}/i  minutes.     At  this  rate  full 


production  can  be  maintained  only  up  to  about  1,200 
feet.  At  one  load  every  15  minutes  (20-team  basis) 
full  production  can  be  maintained  up  to  1,650  feet. 
After  these  limits  are  reached,  production  will  be  in 
the  proportion  that  the  number  of  teams  used  bears 
to  the  number  of  teams  required  to  support  full  pro- 
duction. Percentages  of  full  production  are  given  in 
columns  5,  7,  9,  11,  13,  15,  and  17  of  Table  8.  Calcu- 
lating the  work  which  will  actually  be  performed  in  a 
day  is  simply  a  matter  of  applying  the  percentage 
figure  to  the  figure  for  full  production.  Knowing  the 
daily  production  the  number  of  days  required  for  the 
particular  haul  distance  is  determined  as  shown  in 
columns  6,  8,  10,  12,  14,  16,  and  18.  The  summation 
of  these  columns  gives  the  number  of  working-days 
required  to  complete  the  job,  and  these  multiplied  by 
the  daily  cost  of  operation  give  the  total  cost  of  moving 
the  material. 

In  this  case  the  most  economical  number  of  teams 
to  send  to  the  job  is  18  and  the  cost  of  completing  the 
job  will  be  $43,472.  The  difference,  however,  between 
the  cost  of  using  17,  18,  or  19  teams  is  small,  and  17 
would  no  doubt  be  the  preferable  number  to  send  out, 
especially  if  conditions  are  such  that  the  time  losses 
may  be  higher  than  normal. 

DESIGN  GIVING  SMALLEST  YARDAGE  AND  CLOSEST  BALANCE  NOT 
ALWAYS  CHEAPEST  TO  CONSTRUCT 

A  number  of  interesting  observations  may  be  drawn 
from  the  data  given  in  Table  8,  which  is,  on  the  whole, 
typical  of  long-haul  jobs.  In  order  to  maintain  full 
production  at  the  shovel  even  at  the  moderate  rate 
assumed,  53  teams  would  be  required  on  the  longest 
hauls.  The  daily  operating  cost  would  then  be  $436, 
and  the  cost  of  the  job  would  be  more  than  $20,000  in 
excess  of  that  determined  as  the  lowest  possible  cost. 
Where  the  haul  ranges  frequently  from  short  to  very 
long,  it  is  not  practical  to  maintain  high  production  at 
the  shovel  when  the  very  long  hauls  are  reached. 

If  conditions  had  been  such  that  the  team  supply 
could  have  been  regulated  so  as  to  always  just  maintain 
full  shovel  production  regardless  of  the  length  of  the 


Table  8.- 


-Deter ruination  of  number  of  teams  for  most  economical  operation  on  a  job  with  considerable  variation  in  length  of  haul — 

A  constant  team  supply  is  assumed 


Production  at 

720  cubic  yards 

15-team  basis 

17-team  basis 

18-team  basis 

19-team  basis 

20-team  basis 

22-team  basis 

23-team  basis 

Length 

of 

haul 

in  sta- 
tions 

per  day ' 

Quantity 

Days  to 
com- 
plete 
each 
haul 

Num- 
ber of 

Produc- 

Days 

Produc- 

Days 

Produc- 

Days 

Produc- 

Days 

Produc- 

Days 

Produc- 

Days 

Produc- 

Days 

teams 
required 

tion 

quired 

tion 

quired 

tion 

quired 

tion 

quired 

tion 

quired 

tion 

quired 

tion 

re- 
quired 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Cubic  yds. 

Per  cent 

Per  cent 

Per  cent 

* 

Per  cent 

Per  cent 

Per  cent 

Per  cent 

7,200 

5 

10 

7.6 

100.0 

10.0 

100.0 

10.0 

100.0 

10.0 

100.0 

10.0 

100.0 

10.0 

100.0 

10.0 

100.0 

10.0 

18, 720 

6 

26 

8.7 

100.0 

26.0 

100.0 

26.0 

100.0 

26.0 

100.0 

26.0 

100.0 

26.0 

100.0 

26.0 

100.0 

26.0 

14,400 

9 

20 

12.0 

100.0 

20.0 

100.0 

20.0 

100.0 

20.0 

100.0 

20.0 

100.0 

20.0 

100.0 

20.0 

100.0 

20.0 

10,800 

12 

15 

15.3 

98.0 

15.3 

100.0 

15.0 

100.0 

15.0 

100.0 

15.0 

100.0 

15.0 

100.0 

15.0 

100.0 

15.0 

5,760 

15 

8 

18.7 

80.3 

10.0 

89.4 

8.9 

96.3 

8.3 

100.0 

8.0 

100.0 

8.0 

100.0 

8.0 

100.0 

8.0 

10,  080 

18 

14 

22.0 

68.2 

20.6 

77.  1 

18.2 

82.0 

17.1 

86.5 

16.2 

90.9 

15.4 

100.0 

14.0 

100.0 

14.0 

7,200 

24 

10 

28.7 

51.3 

19.5 

■     59.2 

16.9 

62.8 

15.8 

66.3 

15.1 

69.7 

14.3 

76.7 

13.0 

80.3 

12.5 

7,200 

30 

10 

35.3 

42.5 

23.5 

48.1 

20.8 

51.0 

19.6 

53.9 

18.5 

56.7 

17.6 

62.4 

16.0 

65.3 

15.3 

14,  400 

40 

20 

46.4 

32.3 

62.0 

36.7 

54.5 

38.8 

51.6 

41.0 

48.8 

43.1 

46.4 

47.6 

42.1 

49.7 

40.5 

10,  800 

46 

15 

53.1 

28.2 

53.2 

32.0 

46.9 

34.0 

44.2 

35.7 

42.0 

37.4 

39.8 

41.5 

36.2 

43.4 

34.5 

106.560 

148 

260.1 

237.2 

227.6 

219.6  |. 

212.5 

200.3 

195.8 

Cost  per  day 

$436  (53  teams) 

■1 

170 

i 

184 

:• 

191 

. 

S198 

i 

205 

j 

219 

i 

226 

Cost  to  complete  ... 
Production     factor 

$64,528  (53  teams) 

$44, 

217 

$43, 

045 

$43, 

472 

$43, 

481 

$43, 

562 

$43, 

866 

$44, 

251 

(percentage  of  full 

shovel  capacity).. 

100  (53  teams) 

57 

62 

67 

67 

70 

74 

76 

'  Total  cost  to  complete  job  if  teams  could  be  supplied  as  needed,  $33,778. 
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haul,  then  the  job  could  have  been  completed  for 
$33,778,  or  almost  $10,000  less  than  for  the  most  eco- 
nomical choice  of  a  constant  team  supply  throughout 
the  job.  A  shovel  job  which  involves  wide  and  irregu- 
lar fluctuations  in  the  length  of  haul  is  certain  to  prove 
unduly  expensive  because  of  the  practical  impossibility 
of  maintaining  a  proper  balance  between  the  produc- 
tion capacity  of  the  shovel  and  that  of  the  hauling 
equipment.  The  design  which  gives  the  smallest  yard- 
age and  the  closest  balance  is  therefore  not  always  the 
cheapest  to  construct.  This  is  a  point  which  should  be 
kept  in  mind  in  preparing  plans  for  jobs  where  power 
shovels  may  be  used. 

It  might  also  be  well  to  include  in  the  plans  a  tabula- 
tion of  quantities  by  stations  and  also  summarized  in- 
formation as  shown  in  columns  1  and  2  of  Tables  8  to  10. 
Such  information  would  enable  prospective  bidders  to 
note  not  only  the  lengths  and  quantities  for  the  various 
hauls,  but  would  also  furnish  them  with  the  data  so 
necessary  for  an  intelligent  planning  of  the  most  effec- 
tive organization,  as  well  as  for  deciding  the  sequence  in 
which  the  various  sections  should  be  handled  in  order  to 
maintain  the  highest  rate  of  efficiency  for  the  job  as  a 
whole. 

The  use  of  larger  wagons  carrying  three  full  dipper 
loads  would  have  reduced  the  number  of  vehicles  neces- 
sary to  maintain  full  shovel  production  on  any  length 
of  haul  by  one-third,  providing  the  larger  load  would 
not  have  necessitated  any  reduction  in  the  average  haul- 
ing speed.  Three-horse  \x/i  to  2  yard  wagons  are  fre- 
quently used  with  the  elevating  grader,  and  there  seems 
to  be  no  reason  why  they  should  not  prove  equally 
satisfactory  on  many  power-shovel  projects. 

EFFECT  OF  HAUL  DISTANCE  ON  COST  DEMONSTRATED 

Where  the  haul  is  kept  within  moderate  limits  two- 
horse  team  hauling  is  generally  very  satisfactory. 
Table  9  is  illustrative  of  a  job  which  permits  a  fan- 
average  rate  of  output  with  team  hauling.  The  opera- 
tion constants  and  costs  are  the  same  as  those  assumed 
for  Table  8.  With  8  teams,  10  loads  must  be  hauled 
per  team  per  hour,  or  1  load  every  6  minutes,  if  full 
shovel  production  is  to  be  maintained.  With  10 
teams,  8  loads  must  be  hauled  an  hour  or  1  load  every 


7XA  minutes.  In  the  first  case,  full  production  can  be 
maintained  up  to  570  feet;  in  the  second  up  to  750 
feet.  The  results  of  these  calculations  extended  to  12 
teams  are  shown  in  Table  9. 

The  cost  of  an  8-team  outfit  is  $121  a  day,  of  a 
10-team  outfit  $135  a  day,  and  of  an  11-team  outfit 
$142  a  day.  To  maintain  full  production  on  a  1,200- 
foot  haul,  15  teams  are  required.  An  outfit  of  this 
size  would  raise  the  cost  to  $170  a  day.  The  total 
cost  of  operation  with  such  an  outfit  would  be  $15,810. 
The  cost  with  an  8-team  outfit  would  be  $15,440,  or 
almost  as  high  as  for  15  teams.  The  cost  with  a  10- 
team  outfit  would  be  $14,607  and  for  an  11-team 
outfit  $14,555.  The  lowest  cost  is  had  with  11  teams 
and  the  average  rate  of  output  can  be  maintained  at 
about  91  per  cent  of  full  production.  Naturally,  the 
effect  of  moderate  haul  distances  on  cost  is  favorable, 
for  aside  from  the  fact  that  hauling  itself  is  expensive, 
the  increased  output  at  the  shovel  materially  reduces 
the  unit  cost  of  the  work  done  by  it. 

Expressed  in  a  little  different  way,  with  an  8-team 
outfit  and  conditions  as  assumed  in  this  problem,  it 
costs  just  twice  as  much  to  handle  material  with  a 
1,290-foot  haul  as  it  does  with  a  570-foot  haul.  (See 
column  5  of  Table  9.)  Balancing  quantities  beyond 
the  1,290-foot  limit  is  therefore  more  expensive  than 
borrowing  and  wasting  anywhere  within  the  limits  at 
which  the  8  teams  can  maintain  full  shovel  production. 
Table  8  shows  that  if  15  teams  are  to  be  used  on  the 
job  described,  the  point  at  which  borrow  and  waste 
should  be  substituted  for  long  haul  is  about  2,550  feet 
(see  column  5),  and  with  20  teams  it  is  in  the  neighbor- 
hood of  3,450  feet  (see  column  13). 

The  conditions  imposed  by  these  problems  are  typical. 
In  designing  projects  on  which  power  shovels  are  likely 
to  be  used,  the  limits  beyond  which  the  material 
should  not  be  hauled  deserve  detailed  study  for  each 
individual  case.  The  methods  used  here  are  applicable 
to  the  solution  of  such  problems  but  data  as  to  costs, 
production,  etc.,  based  on  local  conditions  must  be 
substituted  for  that  used  in  the  illustrations  above 
before  definite  decisions  are -reached  in  any  individual 
case.  The  crux  of  the  matter  is,  however,  that  long 
hauls  are  very  expensive  and  their  use  in  order  simply 


Table  9. — Determination  of  number  of  teams  for  most  economical  operation  on  a  job  with  only  moderate  variations  in  length  of  haul — 

A  constant  team  supply  is  assumed 


Haul  in  stations 

Production  at  720  cubic 
yards  per  day 

8-team  basis 

10-team  basis 

11-team  basis 

12- team  basis 

Quantity 

Days  to 

complete 
each  haul 

Number  of 

teams 
required 

Production     r  j*^ 

Production 

Days 
required 

Production 

Days 
required 

Production 

Days 
required 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Cubic  yards 
14,400 

Under  5 

20 
15 

7.0 
8.7 

Per  cent 
100.0 
92.0 
81.6 

20.0 
16.3 
12.3 

Per  cent 
100.0 
100.0 
100.0 
91.7 
83.3 
70.4 
65.3 

20.0 
15.0 
10.0 
16.4 
9.6 
14.2 
23.0 

Per  cent 
100.0 
100.0 
100.0 
100.0 

20.0 
15.0 
10.0 
15.0 

Per  cent 
100.0 
100.0 
100.0 
100.0 
100.0 
84.6 
78.5 

20.0 

10, 800 

Under  6 

15.0 

7,200 

Under  7 

10                   9-8 

10.0 

10, 800 

Under8 

15 
8 
10 
15 

10.9 
12.0 

14.2 
15.3 

73.3  i              20.5 
66.7                 12.0 
56.2  i              17.8 
52.2  1             28.7 

15.0 

5,760 

Uuder9 

91.8                  8.7 
77.  0  1              13.  0 
72.0                20.8 

8.0 

7,200 

Under  11 

11.8 

10, 800 

Under  12 

19.0 

66,  960 

93 

127.6 

108.2 

102.5 

98.8 

Cost  per  da 

y 

$170  (15  teams) 
$15,810  (15  teams) 

100  (15  teams') 

$121 
$15, 440 

73 

$135 
$14, 607 

86 

$142 
$14,  555 

91 

$149 

Cost  to  con 

Production 

capacity) 

plete  job 

$14,  721 

factor  (percentage  of  full  shovel 

94 

22 
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to  balance  quantities  should  never  be  tolerated,  unless 
it  can  be  clearly  shown  that  the  desired  results  can  not 
be  secured  more  economically  in  some  other  way. 

If  by  redesigning  the  project  on  which  Table  8  is 
based  the  hauls  could  have  been  limited  to  a  maximum 
of  600  feet,  then  9  teams  could  have  maintained  full 
production  and  the  daily  operating  cost  would  have 
been  only  $128  per  day.  With  the  same  total  yardage 
the  project  could  have  been  completed  for  $19,000. 
In  other  words,  the  hauls  over  600  feet  in  length 
increased  the  cost  by  more  than  $24,000  (18-team 
basis),  or  more  than  125  per  cent. 

The  project  analyzed  in  Table  9  contains  a  much 
smaller  amount  of  long-haul  work.  But  even  here  the 
hauls  over  600  feet  in  length  increase  the  total  cost 
more  than  $2,600,  an  item  well  worth  giving  careful 
attention. 

OFTEN  ADVANTAGEOUS  TO  USE  SURPLUS  TEAMS  WITH  FRESNOES 
AND  WHEELERS 

One  of  the  serious  objections  to  the  use  of  teams 
where  a  large  outfit  must  be  employed  to  maintain  a 
proper  relation  to  the  shovel  output  is  the  high  cost  of 
carrying  the  teams.  The  cost  of  team  time,  assumed 
as  $7  a  day,  is  made  up  as  follows: 

Feed  and  care  of  team $2.  50 

Depreciation  and  repairs  (team,  wagon,  and  harness) 1.  00 

Drivers  (board  $1,  wages  $2.50) 3.  50 

Total 7.  00 

Whether  the  teams  work  or  not,  they  must  be  fed 
and  cared  for.  In  the  case  of  teamsters  it  is  generally 
customary  to  allow  board  even  if  no  work  is  done  and 
no  wages  paid.  In  such  cases  the  idle- time  cost  of 
teams  is  at  least  half  of  the  working  tune  cost.  Because 
of  this  fact,  the  labor  situation  and  variations  hi  length 
of  haul  from  hour  to  hour  there  is  seldom  any  effort 
to  save  money  by  sending  out  only  enough  teams  to 
handle  the  shovel  output  for  the  day.  Still,  some  mon- 
ey could  be  saved  on  most  wagon  jobs  by  such  practice. 
But  even  if  this  is  done  as  far  as  is  possible  without 
danger  of  labor  difficulties,  the  fact  that  every  idle 
team  still  generates  about  half  of  the  working  cost,  is  a 
heavy  handicap,  particularly  on  jobs  with  fluctuating 
long  and  short  hauls  where  a  relatively  large  number  of 
teams  must  be  used. 

Considerable  relief  is  possible  on  projects  large  enough 
to  warrant  the  use  of  two  shovels  by  so  governing  the 
work  that  when  one  is  on  long-haul  work  the  other  will 
be  on  short-haul  work.  On  some  jobs,  stock  not  needed 
on  the  wagons  can  be  put  on  fresnoes  or  wheelers. 
Where  three-horse  teams  are  used  these  can  readily  be 
converted  into  a  fresno  outfit.  The  price  at  which 
materials  can  be  moved  with  fresnoes  or  wheelers  is 
frequently  as  low  or  even  lower  than  can  be  secured  by 
means  of  the  power  shovel  and  the  team  supply  neces- 
sary for  the  job  as  a  whole,  on  hauls  up  to  three  or  four 
hundred  feet,  and  occasionally  even  more. 

A  glance  at  Table  8  will  show  that  there  are  only 
7,200  yards  on  this  job  out  of  a  total  of  over  106, 00U 
yards  which  might  be  profitably  handled  by  fresnoes. 
The  contractor  would  therefore  hardly  be  justified 
in  attempting  to  salvage  any  considerable  amount  of 
otherwise  idle  tune  on  this  job  with  fresnoes.  How- 
ever, as  18,720  yards  on  this  project  require  a  haul  of 
about  600  feet,  and  this  combined  with  the  7,200  yards 
involve  about  25  per  cent  of  the  material  on  the  whole 
project,  it  would  be  reasonable  to  examine  the  possi- 
bility of  using  wheelers  with  the   teams  not  needed 


at  the  shovel  and  also  the  advisability  of  sending  out 
more  than  18  teams,  thereby  increasing  the  shovel 
production  on  the  long  hauls,  and  at  the  same  tune 
avoiding  idle-time  losses  on  the  short  hauls. 

If  22  teams  were  sent  to  the  job,  enough  teams  to 
form  a  wheeler  outfit  would  be  available  on  hauls 
(shovel  outfit)  of  1,200  feet  or  less  but  not  at  greater 
distances.  Table  10,  columns  13  and  14,  shows  how 
the  otherwise  idle  teams  could  be  utilized  to  move  all 
the  material  having  a  haul  of  500  feet  and  6,300  cubic 
yards  of  the  material  having  a  600-foot  haul  before  the 
longer  hauls  absorbed  so  many  teams  that  the  wheeler 
outfit  would  have  to  be  abandoned.  Providing  the 
length  of  haul  does  not  change  too  frequently,  this 
should  permit  the  completion  of  the  entire  job  at  a  cost 
of  at  least  $4,000  less  than  could  be  accomplished  with 
the  use  of  a  shovel  outfit  only  with  22  teams  and  about 
$3,700  less  than  the  cost  with  18  teams. 

Table  10  shows  in  some  detail  the  results  which  could 
probably  have  been  secured  by  this  method  in  the  case 
of  the  project  given  in  Table  8  by  using  a  hauling  outfit 
of  18,  19,  20,  22,  and  23  teams,  respectively.  It  will 
be  noted  that  there  is  no  gain  in  using  more  than  22 
teams,  while  the  probable  gain  from  using  more  than 
20  or  21  is  too  small  to  warrant  the  added  risk  incurred 
should  weather  or  other  conditions  prove  unduly  ad- 
verse. The  results  shown  in  this  table  may  be  con- 
sidered representative  of  the  results  of  good  manage- 
ment where  there  is  much  both  long  and  comparatively 
short  haul  work. 

Short-haul  projects,  such  as  the  one  shown  in  Table  9, 
do  not  offer  as  good  opportunities  for  salvaging  lost 
team  time  as  are  offered  on  long-haul  jobs.  Still  the 
opportunity  often  exists.  Under  the  conditions  given 
in  Table  9  the  yardage  to  be  moved  less  than  500  feet 
is  so  large  that  it  suggests  the  use  of  fresnoes.  If  11 
teams  were  taken  to  the  job,  only  3  of  them  would  be 
idle  on  the  500-foot  hauls;  but  three  teams  are  not 
enough  to  form  an  economical  fresno  or  wheeler  outfit. 
In  this  case  the  contractor  might  be  able  to  sublet  the 
yardage  to  be  hauled  less  than  500  feet  to  a  fresno  or 
wheeler  outfit  at  an  advantageous  price. 

It  is  not  possible  to  lay  down  any  hard  and  fast 
rules  governing  jobs  as  described  above.  Each  project 
must  be  considered  on  the  basis  of  the  facts  governing 
its  execution.  All  that  can  be  said  is  that  there  is 
generally  more  opportunity  to  reduce  cost  by  intelli- 
gently salvaging  lost  team  time  than  contractors  are 
now  using. 

PROFITS  CAN  OFTEN  BE  INCREASED   BY   WORKING   WHEN  CONDI- 
TIONS ARE  ADVERSE 

The  problem  of  lost  time  is  a  serious  one  on  all  con- 
struction work,  but  it  is  particularly  so  where  any 
considerable  amount  of  stock  is  used.  Take  as  an 
illustration,  a  shovel  job  where  10  teams  are  used. 
The  cost  of  operating  such  an  outfit  has  been  given  as 
about  $135  a  day.  Commonly,  the  shovel  runner  and 
night  watchman  are  on  full  tune  at  about  $10  and 
$3.50  per  day,  respectively.  If  the  shovel  is  a  steam 
machine,  fires  may  also  be  kept  up  and  in  this  way  some 
fuel  consumed.  On  the  hauling  side,  the  teams  must 
be  fed  and  cared  for  and,  by  general  custom,  the 
teamsters  also  must  be  fed.  These  expenses  account 
for  about  $3.50  per  day  per  team,  or  perhaps  $35  per 
day  for  an  outfit  of  this  size.  Often  there  are  other 
items  of  expense.  A  blacksmith  is  sometimes  em- 
ployed. The  job  foreman  and  the  time  keeper  gener- 
ally are  full-time  men.     The  team  used  on  the  dump 
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Table   10. — Analysis  of  use  of  spare  teams  as  a  wheeler  outfit,  based  on  the  job  analyzed  in 

Table  8 

Haul 

Production     at     720 
cubic  yards  per  day 

18-team  basis 

19-team  basis 

20-team  basis 

21 -team  basis 

22-team  basis 

23-team  basis 

■Quantity 

Days  to 
complete 
each  haul 

Teams 
required 

Number 
of  teams 

not 

needed 

at  shovel 

Short- 
haul 
yardage 
moved 
with 
wheelers 

Number 
of  teams 

not 

needed 

at  shovel 

Short- 
haul 
yardage 
moved 
with 
wheelers 

Number 
of  teams 

not 

needed 

at  shovel 

Short- 
haul 
yardage 
moved 
with 
wheelers 

Number 
of  teams 

not 

needed 

at  shovel 

Short- 
haul 
yardage 
moved 
with 
wheelers 

Number 
of  teams 

not 

needed 

at  shovel 

Short- 
haul 
yardage 
moved 
with 
wheelers 

Number 
of  teams 

not 

needed 

at  shovel 

Short- 
haul 
yardage 
moved 
with 
wheelers 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Cubic 
yards 
10,  800 

Feet 

4,  (iOO 

15 

53.1 
46.4 
35.3 
28.7 
22.0 
18.7 
15.3 
12.0 
8.7 
7.6 

Cubic 
yards 

Cubic 
yards 

Cubic 
yards 

Cubic 
yards 

Cubic 
yards 

Cubic 
yards 

14, 400           4, 000                     20 

7,200 

3,000  i                   10 
2,400                     10 
1,800                     14 

7,200 

10,  800 

13 

5 
7 
10 
13 

•4 
6 
8 
11 
14 

5,760 

1,500 

1,200 

900 

600 

500 

8 
15 
20 
26 
10 

13 
5 

8 
11 

14 
6 
9 

12 

600 
2,400 
5,500 
5,000 

900 
3,000 
5,600 
4,700 

10,800 

13 
6 
9 

>  4 

7 
10 

1,200 
4,000 
5,200 

1,800 
4,800 
5,000 

14, 400 
18,  720 
7,200 

2,400 
5,700 

3,200 
6,000 

Total  yardage  moved  by  spare  tea 

ms 

8,100 
11.2 

9,200 
12.8 
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10,  400 
14.4 

11,600 
16. 1 

13,500 
IS  7 

14,200 

Number  days  job  sho 

Plan  I:  Total  cost  of  j 

of  spare  teams.    (Se 

Plan  II:  Total  cost  wl 

)b  when  no  i 
e  Table  8.).. 

se  is  made 

$43 

472 

$43 

$13,  562 

$40,610 
$2,  952 

$43 

73fi 

$43, 866 

$39, 771 
$4, 095 

$44,  251 

$39,  799 
$4,  452 

len  spare  teai 

ns  utilized 

$41  333 

$40,  947 
$2,  534 

$40,  323 

$3, 413 

Total  savin 

g  by  using 

spare  teams  on  wheelers 

$2 
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1  Spare  teams  not  sufficient  to  organize  a  wheeler  outfit. 

must  also  be  fed  and  cared  for  and  the  teamster  must 
be  fed.  If  a  roller  is  used  the  operator  is  generally 
on  full-tune  pay.  Often  these  items  create  an  idle- 
tune  cost  more  than  half  as  large  as  the  normal  cost  of 
operation.  Extended  losses  of  time  due  to  bad  weather, 
to  breakdowns,  or  from  any  other  causes  are  for  this 
reason  financially   disastrous. 

This  raises  the  question  as  to  when  work  should  be 
undertaken  under  adverse  conditions.  The  practice 
to  follow  must  be  worked  out  for  the  particular  job  on 
the  basis  of  operating  cost,  idle-time  cost,  unit  price  on 
work  done,  etc.  The  decision  should  be  based  on  a 
calculation  following  the  general  lines  of  the  following 
example:  Assume  that  the  idle-tune  cost  of  a  shovel 
outfit  with  10  wagons  amounts  to  approximately  $75  a 
day.  The  operating  cost  when  work  is  under  way 
(operating  the  dump  included)  is  about  $135  a  day. 
The  daily  cost  is  increased  only  about  $60  a  day  by 
operating.  Consequently,  if  the  work  done  is  worth 
35  cents  a  yard  it  is  obvious  that  operation  is  justified 
whenever  it  is  probable  that  it  will  be  possible  to  take 
out  more  than  171  cubic  yards  per  day  ($60-^-0.35  = 
171). 

This  solution  covers  those  cases  where  the  haul  is 
such  that  a  profitable  output  can  be  had  when  working 
conditions  are  normal.  But  on  most  jobs  there  are 
times  when  the  haul  is  so  long  that  even  when  working 
conditions  are  normal,  the  value  of  the  output  does 
not  equal  the  cost  of  operation.  Such  a  situation  re- 
quires a  slightly  different  analysis.  Suppose  that  under 
normal  working  conditions  the  haul  is  so  long  that  only 
300  cubic  yards  a  day  can  be  taken  out.  The  value  of 
a  normal  day's  output  at  35  cents  per  cubic  yard  is 
only  $105  against  a  daily  operating  cost  of  $135 — a  loss 
of  $30  a  day.  If  the  cost  of  lying  idle  remains  constant 
at  about  $75  per  day,  while  normal  operation  can  at 
best  produce  a  value  of  only  $105  per  day,  the  margin 
between  lying  idle  and  working  is  reduced  to  $30.  In 
such  a  case  work  should  be  undertaken  if  there  is  a 
probability  that  more  than  85  cubic  yards  per  day  can 
be  taken  out. 

The  above  analysis  suggests  that  the  final  profit  may 
be  as  much  affected  by  a  reduction  of  the  time  losses 


incident  to  weather,  breakdowns,  etc.,  as  by  efficient 
operation  when  work  is  going  on.  On  practically  every 
job  there  is  some  lost  time.  On  many  the  amount  of 
lost  time  is  large.  The  contractor  who  will  operate  in 
spite  of  adverse  conditions  as  often  as  there  is  any 
reasonable  chance  of  earning  more  than  the  difference 
between  the  cost  of  remaining  idle  and  the  cost  of 
working,  will,  over  any  ordinary  season,  find  that  the 
effect  of  such  procedure  on  the  amount  of  his  profit  is 
surprisingly  large. 

In  closing  the  discussion  of  wagons  as  hauling  equip- 
ment, it  ought  to  be  observed  that  the  wagons  them- 
selves give  little  trouble  and  that  with  a  spare  wagon  in 
camp,  lost  time  due  to  breakdowns  can  be  almost  com- 
pletely eliminated.  On  some  jobs  there  is  quite  a  little 
time  lost  by  permitting  drivers  to  grease  the  wagons 
during  working  hours.  Wheel  and  axle  construction 
on  most  wagons  is  of  old-fashioned  design,  not  much 
visible  change  in  it  having  taken  place  for  many  years. 
Losses  from  this  cause  should  be  eliminated  by  requiring 
that  wagons  be  greased  in  the  camp  at  night  and  at 
noon,  but  the  results  obtained  in  this  way  have  not  been 
altogether  satisfactory.  A  much  more  promising  solu- 
tion has  been  observed  on  a  number  of  jobs  where  con- 
tractors have  bored  the  wheel  hubs  and  installed  fit- 
tings so  that  grease  can  be  injected  with  a  grease  gun 
without  removing  the  wheels.  The  whole  wagon  can 
then  be  greased  in  less  time  than  was  formerly  required 
in  greasing  one  wheel.  Even  with  this  change  many 
contractors  feel  that  they  have  to  continue  the  practice 
of  permitting  the  drivers  to  grease  their  wagons  during 
working  hours. 

Basically,  the  trouble  appears  to  be  that  as  less  and 
less  stock  is  being  used  on  construction  work,  the  grade 
of  labor  available  as  drivers  is  falling  steadily.  Many 
contractors  assert  that  it  is  much  easier  to  find  good 
truck  or  tractor  drivers  than  it  is  to  find  men  who  can 
handle  stock  well.  It  is  true  that  truck  or  tractor 
drivers  demand  higher  wages,  but  the  larger  output  of 
the  equipment  they  handle  makes  it  possible  to  pay  the 
higher  wages.  Factors  of  this  sort  are  rather  intangible 
but,  nevertheless,  have  considerable  bearing  on  the 
advisability  of  using  stock  on  a  construction  operation. 
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EXPERIMENTAL    BITUMINOUS -TREAT  ED 
EARTH  ROAD  BUILT 

An  experimental  road  has  been  constructed  in  South 
Carolina  during  the  past  year  which,  it  is  hoped,  will 
result  in  the  development  of  a  satisfactory  method  of 
bituminous  treatment  of  the  loosely  bonded  sand-clay 
roads  characteristic  of  the  southeast  coastal  section  of 
the  country.  This  experiment  is  being  conducted  by 
the  United  States  Bureau  of  Public  Roads  in  coopera- 
tion with  the  South  Carolina  State  Highway  Depart- 
ment. The  test  road  extends  from  Conway  to  Gali- 
vants  Ferry,  a  distance  of  21  miles.  It  is  on  an  arterial 
highway  and  carries  relatively  heavy  traffic  during  the 
spring  and  summer  months. 

The  sand-clay  soil  with  which  this  road  is  surfaced 
possesses  little  natural  binder  and  is  composed  for  the 
most  part  of  fine-grained  sand  particles.  As  a  result, 
the  surface  breaks  down  and  becomes  exceedingly 
dusty  in  dry  weather,  and  when  wet  it  cuts  up  rapidly 
and  becomes  almost  impassable.  The  unstable  nature 
of  the  road  surfaces  in  this  region  precluded  the  use  of 


Table  1. — Treatments  used  on  various  sections 


Mixing  the  Surface 

the  ordinary  type  of  bituminou?  surface  treatment, 
and  it  was  decided,  therefore,  to  investigate  various 
types  of  bituminous  mixed-in-place  treatments.  Table 
1  shows  the  character  of  the  various  sections. 

Construction  by  the  mixed-in-place  method  consisted 
of  scarifying,  shaping,  and  pulverizing  the  road  surface, 
after  which  the  bituminous  material  was  applied  in 
several  applications  by  pressure  distributors.  The 
surface  was  disked  lightly  after  each  application. 
This  proved  valuable  in  preventing  loss  of  the  lighter 
constituents  of  the  bituminous  material.  Mixing  was 
done  with  a  blade  grader,  the  procedure  being  to  carry 
the  treated  material  from  one  side  of  the  road  to  the 
other  until  a  uniform  mixture  was  secured.  Then  the 
material  was  spread,  shaped,  and  allowed  to  compact 
under  traffic.  For  those  sections  built  to  receive 
machine  maintenance  this  completed  the  construction. 
The  sections  which  were  to  receive  a  surface  treatment 
were  allowed  to  set  up  and  harden  for  a  week  or  ten 
days,  after  which  they  were  given  a  single  or  a  double 
surf  ace- treatment,  as  indicated  in  Table  1. 

Detailed  records  will  be  kept  regarding  the  mainte- 
nance costs  and  service  of  the  different  sections  so  that 
the  comparative  value  of  the  various  treatments  may 
be  determined. 


Sec- 
tion 
No. 


1-A 
1-B 

2-A 

2-B 
2-C 
2-D 


2-E 
2-F 
2-G. 


2-H 

2-1 

3 

4-A 

4-B 

4-C 

5-A 

5-B 


5-C 
6-D 

6-A 
6-B 
6-C 


6-D 


6-E 

7-A 


7-B 

7-C 


Mixed  base 


Depth      Bituminous  material 


Inches 
2 


Asphalt,  150-180  pene- 
tration, cut  back  with 
naphtha. 

Asphalt  85-100  penetra- 
tion, cut  back  with 
naphtha. 

do 


.do_ 
.do- 


Asphalt,  100-120  pene- 
tration, cut  back  with 
naphtha. 

do .'. 

do 

Asphalt,  150-180  pene- 
tration, cut  back  with 
naphtha. 
.do. 
do. 


No.  5  road  oil  '. 


No.  5  road  oil  with  pres- 
sure still  tar.1 

No.  6  road  oil  with  pres- 
sure still  tar.1 

Flux  A  cut  back  with 
pressure  still  tar. 

Asphalt,  85-100  penetra- 
tion, cut  back  with 
naphtha. 

do .._. 


Bituminous  surface  treatment 


Primer,  same  as  for  base;  bind- 
er, asphalt  (hot),  150-200 
penetration. 

Primer,  same  as  for  base;  bind- 
er, asphalt  (hot),  150-200 
penetration. 

No  primer;  binder,  same  as  for 
base. 

-...do.. 

....do 

....do 


-.do. 
..do- 
..do. 


_do_ 
.do- 


Primer,  same  as  for  base  (for 
machine  maintenance). 

None  (for  machine  mainte- 
nance). 

do 


_do. 


.do. 
.do. 


Tar,  18-25  specific  visc- 

do _.- 

do - 


.do- 


do _.._ 

Asphalt,  85-100  penetra- 
tion, cut  back  with 
naphtha. 

do 

do 


Untreated  sand-clay . 


Primer,  No.  4  road  oil,  with 
pressure  still  tar. 

Primer,  asphalt,  150-180  pene- 
tration cut  back  with  naph- 
tha. 

do.. _.. 

Primer,  No.  4  road  oil  with 
pressure  still  tar. 

Same  as  for  base, 

do 

Primer,  same  as  for  base; 
binder,  tar,  25-35  specific 
viscosity  (cold). 

Primer,  same  as  for  base; 
binder  tar,  grade  2  (hot). 

Primer,    same    as    for    base; 

binder,  asphalt  (hot),  150- 

200  penetration. 
do _ 

No  primer;  binder  same  as  for 
base. 

Primer,  tar,  8-13  specific  vis- 
cosity; binder,  asphalt  (hot) 
150-200  penetration. 


Cover 
material 


Stone. 
Do. 

Do. 

Pea  gravel. 
Sand. 
Do. 


Pea  gravel. 
Stone. 
Do. 


Pea  gravel. 
Sand. 


Soil. 


Do. 


Do. 
Do. 

Do. 
Do. 

Stone. 


Do. 


Do. 
Do. 


Do. 
Do. 


Do. 


1  Road  oils  Nos.  4,  5,  and  6,  conform  to  specifications  OA4,  OA5,  and  OA6,  respec- 
tively, of  Department  Bulletin  691,  Typical  Specifications  for  Bituminous  Road 
Materials. 

(Continued  from  page  8) 

3.  Statistical  laws  which  govern  the  relation  between 
the  results  of  the  mechanical  analysis  and  the  results  of 
the  different  simplified  tests  indicate  that  certain  tests  of 
Groups  I  and  II  reflect  the  influence  of  grain  size  as 
indicated  by  the  clay,  silt,  and  sand  fractions.  This  is 
not  true  for  the  lower  plastic  limit,  nor  is  it  true  for  the 
shrinkage  limit. 

4.  Statistical  laws  indicate  that  results  of  the  moisture 
equivalent  test  are  influenced  primarily  by  the  sand 
fraction,  those  of  the  lower  liquid  limit  by  both  the  sand 
and  clay  fractions,  and  the  plasticity  index  is  influenced 
by  the  clay  fraction. 

5.  Considering  the  absence  of  any  direct  relation 
between  the  soil  properties  disclosed  by  the  various 
simplified  tests  and  those  properties  on  which  the 
quality  of  the  subgrade  actually  depends,  the  measure 
of  the  practical  value  of  any  routine  tests  essentially 
depends  on  the  speed  and  the  facility  with  which  the 
results  can  be  obtained  and  the  range  of  information 
furnished  by  the  test  results. 

6.  It  is  indicated  that  the  plasticity  and  shrinkage 
determinations  supplemented  by  the  slaking  test  dis- 
close more  information  on  soil  properties  in  proportion 
to  effort  expended  than  can  be  obtained  from  any  other 
combination  of  simplified  soil  tests. 
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HOW  MASSACHUSETTS  IS  IMPROVING  HER  ROADSIDES 

Reported  by  R.  E.  TRIBOU,  Assistant  Highway  Engineer,  District  9,  United  States  Bureau  of  Public  Roads 


THE  WORK  of  roadside  treatment  which  Massa- 
chusetts started  in  1921  has  within  a  relatively 
few  years  produced  a  marked  effect  on  the 
beauty  of  its  highways,  which  will  be  even  more 
striking  in  future  years.  Massachusetts  is  one  of  the 
few  States  where  organized  attention  is  given  to  roadside 
beautification  and  because  of  the  general  interest  in 
the  subject  it  appears  to  be  worth  while  to  present  a 
short  description  of  the  general  plan  of  beautification 
and  methods  of  handling  the  work  which  have  produced 
good  results  on  a  considerable  mileage  of  road  at  a 
very  reasonable  cost. 


a  nursery  at  Palmer,  Mass.,  where  trees  and  shrubs 
are  propagated  and  where  J.  H.  Taylor,  highway 
landscape  supervisor,  trains  men  in  the  care  of  trees 
and  roadside  beautification.  This  nursery  is  a  part 
of  the  maintenance  division.  The  following  outline 
shows  the  scope  of  the  work  being  done. 

ATTENTION  TO  NATIVE  MATERIAL 

Removal  of  dead  material. — Dead  and  dangerous 
branches  are  systematically  removed.  Trees  entirely 
dead  are  removed  and  stumps  cut  G  inches  below  the 
ground  surface. 


A  Border  Planting 


The  Massachusetts  Department  of  Public  Works  is 
empowered  by  law  to  make  roadside  improvements, 
the  work  including  such  plantings,  replacements,  and 
care  as  may  be  necessary.  When  a  road  is  laid  out  as 
a  State  highway,  it  is  generally  made  sufficiently  wide 
to  provide  an  area  on  each  side  of  the  traveled  portion 
for  roadside  improvement.  No  tree,  shrub,  or  plant 
within  such  a  highway  can  be  cut,  removed,  or  new 
ones  added  without  a  permit  from  the  highway 
department. 

The  work  of  roadside  improvement  is  done  by  the 
maintenance  division  of  the  department  of  public 
works  which  is  in  charge  of  G.  H.  Delano,  highway 
engineer.  The  cost  is  included  as  a  part  of  the  regular 
maintenance  expenditure  of  the  State.     The  State  has 
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First  aid  to  injured  trees. — Mechanical  wounds 
to  trunk  or  branches  are  trimmed  and  sealed 
with  tar.  Trees  split  or  in  danger  of  splitting  are 
fastened  with  bolts  or  cables.  Open  cavities  are 
suitably  repaired. 

Care  of  trees. — -Unsightly,  abnormal,  or  rubbing 
branches  are  removed.  Pruning  and  shaping  is  done 
by  trained  men.  Spraying  is  done  when  necessary. 
Preservation  and  culture  of  natural  growth  is  important 
work.  Intelligent  care  of  this  sort  will  add  much  to 
the  future  beauty  of  roadsides. 

Safety  work. — Standard  traffic  clearance  is  main- 
tained. 

Landscape  cutting. — Vistas  of  mountains,  lakes,  and 
streams  are  developed  by  removal  of  foliage  screens. 

25 
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An  Invitation  to  Be  Neat 


Ready  for  a  Pine   Planting  Tnir 

Wire  clearance  work. — The  State  supervises  all  tree 
trimming  for  passage  of  public  service  wires  and  pro- 
hibits careless  and  unnecessary  cutting. 

Public  enjoyment  and  education. — Roadside  springs 
are  made  available  to  travelers.  Benches  are  pro- 
vided in  suitable  places.  Public  cleanliness  is  invited 
by  placing  rubbish  barrels. 

INTRODUCTION  OF  NEW  MATERIAL 

Healing  construction  scars. — Gravel  and  sand  slopes 
are  planted  with  small  pines  or  other  adaptable  ground 
cover.  Grass  or  shrubs  are  planted  where  the  soil  will 
support  growth. 

Tree  and  shrub  planting. — Trees,  shrubs,  and  vines 
adapted  to  soil  conditions  are  planted  on  roadsides, 
traffic  islands,  behind  guard  rails  or  stones,  etc. 

Replacements . — Historical  and  normal  growth  is  per- 
petuated by  annual  replacement  of  the  dead  with  the 
living. 

Maintenance. — The  success  of  all  planting  depends 
solely  upon  maintenance.  Young  trees  and  shrubs 
must  have  care.     The  future  beauty  of  trees  depends 


A  Bare  Sand  Bank  Relieved  by  Planting  Sweet  Fern 

largely  upon  their  training  in  youth,  which  means  that 
trees  should  be  staked  and  pruned  annually  and  intelli- 
gently. Shrubs  must  be  cut  back  properly  to  insure  a 
graceful  maturity  and  soil  about  the  base  of  all  planted 
stock  kept  open  for  proper  moisture  and  air.  Such 
work  is  imperative  and  must  be  done  regularly. 

The  men  engaged  in  this  work  are  advised  to  study 
how  nature  plants  and  imitate  it  as  far  as  possible. 
The  object  is  to  keep  the  roadsides  as  natural  as 
possible  by  the  use  of  native  material.  A  Colorado 
blue  spruce  on  a  Massachusetts  roadside  is  distinctly 
out  of  place  and  artificial  since  it  is  not  characteristic 
of  Massachusetts.  Importations  may  be  attractive 
but  they  do  not  reflect  the  personality  of  the  State. 

Plantings  on  roadsides  are  mainly  confined  to  new 
construction  for  several  reasons.  The  wider  locations 
(60  feet  or  more)  give  more  opportunity  for  scenic 
development,  and  these  relocated  and  widened  roads 
promise  a  fairly  undisturbed  future.  Shade  trees  are 
planted  as  near  as  possible  to  the  side  line,  but  for  the 
most  part  the  monotony  of  straight  lines  and  even 
spacing  is  avoided.  Grouping  of  trees  and  shrubs  is  at 
all  times  preferable. 

Planting  procedure. — After  a  construction  job  is  com- 
pleted the  plan  of  treatment  is  determined  by  an 
employee  trained  in  the  work,  who  locates  the  various 
plantings  on  a  blue  print  of  the  layout,  using  colored 
pencils.  Next  the  ground  is  staked  for  digging.  Dig- 
ging costs  are  decreased  50  per  cent  and  an  extended 
area  is  stirred  up  when  holes  are  blown  by  dynamite. 
Pits  are  filled  with  the  best  soil  obtainable. 

An  order  for  the  necessary  planting  material  is  for- 
warded to  the  nursery  and  the  material  is  delivered  by 
trucks  and  trailers.  Plantings  are  carefully  made,  giv- 
ing the  trees  or  shrubs  every  opportunity  to  get  a  good 
start  and  each  planting  is  staked.  After  the  planting 
has  become  well  established  a  final  grubbing  is  given. 

The  results  which  are  being  secured  are  best  described 
by  the  accompanying  illustrations  which  were  taken 
by  Mr.  J.  H.  Taylor,  Highway  Landscape  Supervisor. 
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An   Old,    Rotten,  and   Unsightly  Growth   of   Stumps 


Stumps   Removed, 


Allowing   Rapid   Development   of   the    Secondary  Growth 
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Before  Landscape  Cutting 


The  Result  of  Landscape  Cutting  at  the  Location  Shown  Abovj 


(Lpril,  1928 


PUBLIC    ROADS 


.<*«»r"T»* 


«^ 


29 


A  Dense  Undergrowth  Which  Cuts  Off  a  Beautiful  Vista 


After  Landscape  Cutting  at  the  Location  Shown  Above 
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Developing  a  Group  of  Birches 


Grey    Birch,    with  Brush  and  Lower  Limbs  Removed  for  Trunk  Emphasis 
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A  Wayside  Spring  Developed 


Tree  Surgery  Can  Greatly  Improve  Trees  of  Undesirable  Shape.     As  a  Result  of  20  Minutes'  Work  on 
the  Tree  Shown  at  the  Left  It  Has  Been  Converted  into  a  Tree  of  Much  Better  Proportions 
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Clover  on  Chipped  Stone  and  Gravel  Bank  41  Days  After  Sowing  Seed 


Pine  Planting  in  Untreated  Bank 
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The  Elderberry  is  Worth  Saving 


Softening  the  Harsh  Lines  of  Protective  Stones 


96225—28- 2 
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Here  and  There  Evergreen  Plantings  Liven  the  Winter  Landscape 


A  Beach  Plum  Border  on  Cape  Cod 
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The  Glory  of  Common  Things 


v  rt 


Landscape  Greatly  Improved  by  a  Tree  Planting  Along  a  Board  Fence 
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An    Unsightly    Gravel    Bank    Which    Has    Been    Covered  with  Honeysuckle 

R.  W.  CRUM  APPOINTED  DIRECTOR  OF  HIGHWAY 
RESEARCH  BOARD 


i  Jjy  i ■ ' 
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An  Example  of  What  Can  Be  Done  by  Removal  of 
Telephone  Poles  and  Wires.  The  Wires  Shown  in 
the  Upper  Picture  are  Carried  in  a  Cable  Shown 
at  the  Left  in  the  Lower  Picture 


Announcement  is  made  by  F.  H.  Eno,  chairman  of 
the  executive  committee  of  the  highway  research  board 
of  the  National  Research  Council,  of  the  appointment 
of  Roy  W.  Crum,  of  Ames,  Iowa,  as  director  of  the 
board,  effective  April  1,  1928. 

Mr.  Crum's  experience  in  research  work  well  qualifies 
him  for  this  position.  After  graduation  from  the  Iowa 
State  College  in  1907  he  was  engaged  on  the  engineer 
corps  of  the  Pennsylvania  Lines,  following  which  he 
returned  to  Iowa  State  College  as  associate  professor 
of  civil  engineering.  He  remained  in  this  position  for 
12  years,  during  which  time  he  was  engaged  on  research 
work  for  the  Iowa  experiment  station.  Since  1919  he 
has  been  engineer  of  materials  and  tests  with  the  Iowa 
State  Highway  Commission  where  he  has  conducted 
many  highway  research  studies.  Mr.  Crum  has  been 
a  member  of  the  committee  on  character  and  use  of 
road  materials  since  the  organization  of  the  board,  and 
in  1925  he  was  appointed  chairman  of  the  culvert 
investigation  conducted  by  the  highway  research 
board. 

Mr.  Crum  is  the  author  of  a  number  of  important 
research  papers.  He  is  a  member  of  the  American 
Society  of  Civil  Engineers,  the  American  Society  for 
Testing  Materials,  and  the  American  Concrete  Institute 
and  is  active  on  several  research  committees  of  those 
organizations. 


POWER-SHOVEL  OPERATION  IN  HIGHWAY  GRADING 

A  REPORT  OF  OBSERVATIONS  MADE  ON  GOING  PROJECTS  BY  THE  DIVISION  OF  MANAGEMENT 

BUREAU  OF  PUBLIC  ROADS 

Reported  by  T.  WARREN  ALLEN,  Chief,  Division  of  Management,  and  ANDREW  P.  ANDERSON,  Associate  Highway  Engineer 

PART   3.— HAULING    WITH    TRUCKS    AND    LARGE    TRACTOR-DRAWN   WAGONS 


TRUCKS  of  various  kinds  are  frequently  used  to 
transport  the  output  of  power  shovels  on  high- 
way work.  The  bureau's  studies  indicate  that 
opinion  is  far  from  uniform  as  to  the  most  desirable 
type  of  truck  or  on  such  points  as  tire  equipment, 
carrying  capacity,  dumping  arrangement,  and  body 
types.  Practically  all  of  the  common  types  of  trucks 
now  in  use  for  general  hauling  have  been  found  on 
grading  projects  and  in  capacities  ranging  from  the 
light  1-ton  to  the  heavy  7-ton  truck. 

With  such  diversity  of  types,  it  is  only  natural  that 
wide  variations  should  also  be  found  in  the  efficiency 
with  which  they  meet  the  specialized  requirements  of 
highway  grading.  Moving  material  from  the  shovel 
to  the  dump  is  quite  different  from  highway  transpor- 
tation and  there  is  little  or  no  dependable  data  to 
guide  the  grading  contractor  in  selecting  trucks  for 
hauling.  Both  successes  and  failures  have  been  found 
during  these  studies.  It  appears  worth  while  to  discuss 
in  some  detail  the  requirements  and  conditions  under 
which  the  truck  may  be  used  to  good  advantage  and 
also  the  conditions  which  sometimes  make  their  use 
inadvisable. 

The  truck  is  a  well-built,  dependable  machine,  but 
moving  material  from  the  shovel  to  the  dump  sometimes 
offers  so  many  adverse  conditions  such  as  soft  ground, 
rough  going,  and  difficult  grades  that  there  is  probably 
no  field  in  which  operating  conditions  are  more  variable 
and  severe.  Wear  and  tear  on  vehicles  is  often  exces- 
sive, the  speed  much  reduced  and  operating  costs  abnor- 
mally high  when  compared  with  production.  This 
is  a  condition  which  should  not  be  attributed  to  short- 
comings of  the  truck  as  a  hauling  unit  but  is  due  very 
largely  to  poor  judgment  in  selecting  trucks  for  jobs 
to  which  they  are  not  suited,  to  selection  of  the  wrong 
kind  of  trucks  or  to  lack  of  ability  in  their  management 
on  the  job. 

TIME   CONSTANT  FOR   TRUCKS  STUDIED 

The  operation  characteristics  of  the  truck  differ 
considerably  from  those  of  the  team  and  wagon.  The 
first  and  perhaps  the  greatest  difference  is  in  the  time 
constant,  that  is,  the  time  required  to  take  on  the  load, 
to  dump  it,  and  to  perform  all  turning  and  maneuver- 
ing, together  with  such  waits  and  delays  as  may  be 
necessary  on  each  round  trip.  For  a  two-horse  team 
and  wagon  the  time  constant  may  be  as  low  as  one 
minute  and  should  never  exceed  two  minutes  in  good 
common  excavation.  Tables  1  to  3  show  the  results 
of  time  constant  studies  on  typical  jobs  using  different 
makes  and  sizes  of  trucks,  and  Table  4  shows  the  aver- 
age value  of  the  time  constant  on  each  of  these  jobs. 

The  loading  time  is,  of  course,  entirely  dependent 
on  the  capacity  of  the  hauling  vehicle  and  the  rate  of 
shovel  output.  So  long  as  trucks  can  be  exchanged 
during  the  shovel  cycle  this  item  need  not  be  given 
consideration  in  the  selection  or  control  of  the  hauling 
equipment.  The  time  required  to  dump  a  heavy  load 
is  often  comparatively  large,  especially  if  the  material 


is  very  sticky.  The  lightest  trucks  used  in  this  work 
are  generally  equipped  with  gravity-dump  bodies. 
Practically  all  others  are  equipped  with  a  mechanism 
for  raising  the  front  end  of  the  truck  body  to  an  angle 
at  which  the  material  is  supposed  to  slide  out  through 
the  unlatched  rear  gate.  Both  the  rate  at  which  the 
hoisting  mechanism  operates  and  the  angle  to  which 
it  will  tilt  the  body  vary  considerably  with  different 
makes.  During  two  of  the  one-hour  studies  on  job 
No.  44  (Table  1)  the  average  dumping  time  exceeded 
two  minutes  due  to  adhesive  material  or  large  chunks 
wedging  in  the  body.  Tables  1  to  4  show,  however, 
that  the  dumping  time  for  trucks  in  good  condition 
and  under  average  operating  conditions  may  be 
expected  to  vary  between  15  and  25  seconds  for  light, 
1-ton  trucks,  between  30  and  45  seconds  for  medium 
trucks,  and  from  50  to  80  seconds  for  heavy  trucks. 


roadway  in  good  condition  and  truck  spotted  for 
Loading  at  the  Side 

time  losses  due  to  turning  and*  backing  generally  an 
important  item 

Trucks  must  generally  be  turned  around  twice  with 
each  load  carried  except  on  some  short  haul  work. 
This  takes  time  because  under  most  ordinary  condi- 
tions some  backing  is  required.  The  roadway  width 
varies  a  good  deal  in  different  States.  A  width  of 
about  30  feet  is  perhaps  the  most  common  but  it  is 
not  unusual  to  have  a  width  of  several  feet  more  or 
several  feet  less.  Thirty  feet  of  width  is  sufficient  for 
quick  turning  if  it  can  all  be  used,  but  usually  a  strip 
some  5  feet  along  the  edge  of  the  dump  is  so  soft  that 
it  will  hardly  carry  the  weight  of  an  empty  truck. 
The  usable  area  is  often  so  restricted  that  the  truck 
has  to  pull  forward  and  back  a  number  of  times  before 
it  can  complete  the  turn.  In  a  through  cut  the  con- 
dition is  not  apt  to  be  so  bad  but  even  here  it  is  seldom 
possible  to  make  the  turn  without  some  backing.  The 
time  used  in  turning,  as  obtained  on  several  jobs,  is 
shown  in  Tables  1  to  4.  For  the  heavier  vehicles  the 
total  time  required  for  turning  and  spotting  to  receive 
and  dump  the  load  during  each  round  trip  is  rarely  less 
than  75  seconds  and  may  under  adverse  conditions 
exceed    3    minutes.     Where    the    operating    space    is 
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Table  1. — Time  constant  studies  on  two  jobs  using  8%-ton  truck*  Table  2. — Time  constant  studies  on  two  job*  using  different  sizes  and 

(make  A'1)  and  %-yard  power  shovels;  each  entry  is  the  average  makes  of  trucks;  each  entry  represents  a  single  observation — Con. 
of  a  one-hour  study 

JOB  NO.  41  1-TON  TRUCKS  (MAKE  C),  LOADED  BY  A  ?4-YARD  POWER  SHOVEL 


(Time  constant,  272.1  seconds] 


[Time  constant  114.3  seconds] 


Dippers 

per  load 

Loading 

Waiting 
at  dump 

Turning 
at  dump 

Dump- 
ing 

Turning 

at 
shovel 

Number 

5.0 
5.0 
•1.  S 
6.0 

5  8 
(i.  u 

6  0 
6.  1 
fi.  1 
6.  0 
6.0 
6.0 

Seconds 
173.5 
127.4 
158.2 

151.  7 

152.  2 
189.0 
190.0 
164.4 
152.  0 
213.7 
179.7 
250.0 

2.5 
23.2 
17.0 

Seconds 
24.5 
30.2 
22.7 
18.5 
22.2 
22.0 
24.0 
25.4 
23.  7 
26.  3 
25.7 
21.4 

Seconds 
39.2 
66. 4 
28.8 
25.5 
29.2 
29.  3 
31.7 
25.4 
29.0 
37.3 
28.7 
35.2 

Seconds 
23.0 
25.4 
20.3 
27.2 
20.2 
24.5 
24.1 
21.6 
19.8 
23.8 
24.6 
29.2 

68.0 

17.7 
8.4 

26.5 
4.2 

Ay.  5.7 

177.6             14.0 

23.9 

33.0 

23.6 

JOB  NO.  44 
[Time  constant,  290.  8  seconds] 


3.0 
3.4 
3.  0 
3.3 
3.  2 
3.8 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

78.  3 
82.4 
67.5 
92.3 
72.  5 
91.2 
92.0 
79.0 
74.2 
66.8 
80.0 
101.0 

15.3 
15.0 
15.0 
lfi.  0 
15.0 
14.7 
13.5 
12.6 
10.4 
11.4 
14.2 
14.6 

26.3 
132.0 
63.0 
122.0 
53.5 
31.7 
20.5 
22.6 
22.6 
21.0 
23.2 
19.8 

33.  0 
40.0 
48.5 
47.fi 
15.  0 
62.2 
53.5 
59.4 
25.0 
42.8 
28.0 
27.8 

128.  6 

329.0 

378.3 

6.2 

79.5 

16.2 
3.8 

45.6 
17.4 

Av.  3.6 

81.4 

108.7 

14.0 

46.5 

40.2 

Dippers 
per  load 

Loading 

Waiting 
at  dump 

Turning 
at  dump 

Dump- 
ing 

Turning 

at 
shovel 

Number 
1 
2 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Seconds 
16 
60 
16 
26 
6 
18 
27 
31 
37 
46 
47 
28 
31 
42 
44 
37 
29 
34 
37 
54 

Seconds 

Seconds 
24 
40 
32 
17 
28 
10 
28 
39 
24 
36 
28 
24 
25 
23 
17 
22 
11 
19 
28 
45 

Seconds 
10 
55 
7 
83 
13 
12 
31 
26 
26 
17 
24 
41 
12 
10 
15 
19 
13 
23 
14 
40 

Seconds 
37 
15 
56 
32 
36 
24 
20 
18 
21 
20 
20 
21 
24 
19 
21 
19 
22 
17 
13 
16 

48 
78 

11 

1  166 

Av.  1.  75 

33.3 

6.9 

26.0 

24.5 

23.6 

1  Not  included  in_average. 

Table  3. —  Tr'me  constant  study  on  a  job  using  5-ton  trucks  (make 
D) ,  hauling  over  an  old  road  surface  in  good  condition,  each  entry 
represents  the  average  of  a  days  study 

[Time  constant,'536"seconds] 


1  In  this  discussion  letters  have  been  substituted  for  the  names  of  truck  manu- 
facturers. 

Table  2. — Time  constant  studies  on  two  jobs  using  different  sizes 
and  makes  of  trucks;  each  entry  represents  a  single  observation 

3^-TON  TRUCKS  (MAKE  B),  LOADED  BY  A  1-YARD  POWER  SHOVEL 

[Time  constant,  274.4  seconds] 


Dippers 
per  load 

Loading 

Waiting 
at  dump 

Turning 
at  dump 

Dump- 
ing 

Turning 

at 
shovel 

Number 
5 
5 
5 
6 
6 
6 
5 
.    5 
6 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
5 

Seconds 
149 
130 
142 
209 
236 
213 
161 
170 
180 
151 
146 
138 
150 
170 
175 
135 
165 
200 
264 
175 

Si  Co  lids 

Seconds 
27 
35 
16 
53 
23 
10 
21 
58 
30 
17 
24 
17 
40 
26 
26 
42 
20 
16 
41 
38 

Seconds 
25 
16 
17 
57 
57 
17 
24 
40 
48 
24 
21 
15 
39 
19 
33 
30 
15 
30 
36 
20 

Seconds 
44 
50 
35 
102 
40 
26 
29 
36 
32 
44 
23 
49 
45 
32 
56 
58 
35 
30 
39 
62 

Av.  5.3 

172.9 

29.0 

29.2 

43.3 

Dippers 
per  load 

Loading 

Waiting 
at  dump 

Turning 
at  dump 

Dump- 
ing 

Turning 

at 
shovel 

Number 
5.0 
7.7 
7.0 
9.3 
7.5 
6.0 
6.7 
5.7 
6.3 
6.7 
4.8 
5.0 
5.3 
5.7 
6.3 
4.3 
4.7 

Seconds 
140 
339 
261 
387 
400 
222 
214 
250 
250 
234 
173 
187 
185 
252 
257 
160 
166 

Seconds 

232 

14 

45 

120 

298 

39 

10 

37 

98 

49 

17 

47 

61 

7 

46 

239 

187 

Seconds 
57 
37 
68 
89 
63 
61 
95 
62 
93 
118 
88 
54 
44 
60 
37 
76 
57 

Seconds 
122 
110 
88 
59 
43 
68 
84 
65 
64 
57 
46 
65 
135 
43 
53 
41 
50 

Seconds 
138 
98 
96 
62 
64 
80 
92 
58 
47 
51 
53 
60 
49 
46 
55 
45 
45 

Av.   6.6 

240 

91 

68 

70 

67 

Table  4. — Average  value  of  time  constant  with  various  types  of 
trucks;  each  entry  is  average  found  for  a  job  study 


restricted  trucks  with  a  short  wheel  base  have  a  definite 
advantage,  and  save  much  time. 

With  rear-wheel  drive  it  is  often  impossible  to  take 
full  advatange  of  the  minimum  radius  on  which  a  truck 
will  turn  and  this  is  especially  true  where  ground  condi- 
tions are  bad  and  the  vehicle  will  stall  if  the  front 
wheels  are  cut  the  maximum  amount.  For  this  reason 
it  is  not  to  be  expected  that  a  truck  will  turn  on  as 
short  a  radius  under  the  conditions  commonly  prevail- 
ing on  a  construction  job  as  it  will  turn  on  an  improved 
highway. 


Kind  of  equipment 

Dip- 
pers 
per 
load 

Load- 
ing 

Wait- 
ing at 
dump 

Turn- 
ing at 
dump 

Seconds 
23.9 
14.0 
29.0 
68.0 
26.0 

Dump- 
ing 

Turn- 
ing at 
shovel 

Total 
time 
con- 
stant 

3J^-ton,  make  A__.  ..  .. 

Number 
5.7 
3.6 
5.3 
6.6 
1.75 

Seconds 
177.6 

81.4 
172.9 
240.0 

33.3 

Seconds 

14.0 

108.7 

91.0 
6.9 

Seconds 
33.0 
46.5 
29.2 
70.0 
24.5 

Seconds 
23.6 
40.2 
43.3 
67.0 
23.6 

Seconds 
272.1 

3J4-ton,  make  A-_. 

290.8 

3H-ton,  make  B.. 

274.4 

5-ton,  make  D 

536.0 

1-ton,  make  C 

114.3 

Backing  frequently  increases  the  time  constant.  The 
backing  speed  of  most  trucks  is  relatively  low.  In 
spite  of  this  handicap  trucks  are  quite  often  backed  a 
much  greater  distance  than  is  necessary  in  getting  into 
position  at  the  shovel  and  are  often  backed  into  posi- 
tion at  the  dump.  Some  backing  may  be  desirable 
and  it  has  been  pointed  out  that  sufficient  attention 
is  seldom  given  to  spotting  the  trucks  at  the  shovel 
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Table  5. — Hauling  speed  and  time  constant  on  a  job  where  5-ton 
trucks  (make  D)  with  solid  tires  were  used;  each  entry  is  the 
average  of  one  day's  study 

[The  trucks  were  backed  to  the  dump  down  a  11  per  cent  grade  with  a  good  surface. 
Average  time  constant  208  seconds] 


Time  constant 

Round-trip  speed 

Dippers 
per  load 

Loading 

Wait- 
ing at 
dump 

Dump- 
ing 

Haul 

Feet 

340 
360 
400 

420 

Time 

Average  speed 

Haul  in 
reverse 

Seconds 
146 
1411 
163 
177 

Return 
forward 

Seconds 
84 
89 
83 
89 

Haul  in  Return 
reverse ,  forward 

Number 
3.2 
3.2 
4.0 
3.3 

Seconds 
106 
77 
102 
90 

Seconds 
60 

9 

55 

Seconds 
111 
51 
93 
79 

Feet  per 
minute 

139 

154 

146 

142 

Feet  per 
minute 

243 

243 

289 

283 

Av.  3.  4 

94 

31             83           380 

156             86 

145     |       264 

Table  6. — Hauling  speed  on  a  job  where  sy^-ton  trucks  {make  A) 
with  solid  tires  were  used;  each  entry  the  result  of  a  single 
observation 

The  trucks  were  backed  to  the  dump  down  a  grade  varying  from  4  to  10  per  cent 
and  from  fair  to  poor  condition] 


Dippers  per 
load 

Time 

Average  speed 

Haul 

Haul  in 

Return 

Haul  in 

Return 

reverse 

forward 

reverse 

Feet  per 

Feet  per 

Number 

Feet 

Seconds 

Seconds 

minute 

minute 

5 

630 

260 

205 

145 

184 

5 

630 

232 

149 

163 

253 

5 

630 

209 

150 

181 

252 

5 

630 

203 

113 

186 

334 

5 

530 

165 

100 

192 

318 

5 

530 

210 

150 

151 

211 

5 

530 

155 

130 

205 

244 

5 

530 

210 

160 

151 

198 

5 

475 

179 

84 

159 

340 

5 

475 

140 

113 

204 

252 

5 

475 

171 

107 

167 

267 

5 

475 

158 

83 

180 

344 

5 

475 

130 

101 

219 

282 

5 

740 

235 

152 

189 

292 

5 

740 

222 

178 

200 

249 

5 

740 

250 

167 

178 

265 

5 

740 

265 

155 

168 

286 

5 

800 

275 

171 

175 

281 

5 

800 

293 

178 

164 

270 

5 

Total  or  av  ... 

800 

272 

157 

177 

311 

12,  375 

4,234 

2,803 

175 

265 

Table  7. — Hauling  speed  of  3^4-tou   trucks  (make  B)  equipped 
with  dual  pneumatic  tires  on  the  rear  wheels 

[Loaded  trucks  moved  down  grade  over  a  fairly  smooth  surface] 


Time 

Average  speed 

Dippers  per 
load 

Haul 

Haul 

Return 

Haul 

Return 

Feet  per 

Feet  per  | 

Number 

Feet 

Seconds 

Seconds 

minute 

minute 

6 

1,850 

149 

117 

748 

950    ! 

5 

1,850 

135 

150 

821 

742 

6 

1,850 

155 

125 

718 

890 

4 

1,850 

105 

112 

1, 051 

993 

4 

1,850 

97 

122 

1,145 

910 

6 

1,850 

137 

135 

811 

821 

5 

1,850 

120 

114 

927 

975 

5 

1,400 

113 

115 

743 

730 

4 

1.400 

87 

101 

965 

808 

4 

1,400 

80 

134 

1,050 

626     I 

5 

1,400 

80 

97 

1,050 

867 

5 

1,400 

105 

141 

800 

595     | 

4 

1,400 

79 

122 

1,054 

688 

5 

1,400 

103 

140 

816 

600 

5 

1,400 

95 

12S 

886 

656 

Total  or  av.73 

24, 150 

1,640 

1,856 

883 

781 

Note. — At  one  time  the  trucks  were  required  to  turn  and  back  to  shovel,  a  distance 
of  475  feet.  The  average  speed  in  reverse  was  400  feet  per  minute.  Operation  in  this 
manner  not  included  in  above  table. 


Typical  Operation  with  Light  Trucks  on  Pneumatic 
Tires.  The  Lower  Picture  Illustrates  a  Case 
Where  Shuttling  Can  Be  Practiced  to  Advantage 

so  as  to  take  advantage  of  the  greater  production 
which  is  possible  when  loading  at  the  side  instead  of 
behind  the  shovel. 

BACKING  LOADED  TRUCKS  TO  DUMP  SOMETIMES  ADVANTAGEOUS 

On  short-haul  work — hauls  up  to  400,  500,  or  600 
feet — much  time  can  often  be  saved  by  shuttling 
trucks — that  is,  backing  them  under  load  to  the  dump 
and  driving  them  forward  to  the  shovel.  A  skillful 
truck  driver  will  soon  learn  to  back  a  truck  to  the  dump 
almost  as  easily  and  accurately  as  he  can  drive  it  for- 
ward. The  distance  over  which  it  pays  to  shuttle 
trucks  depends  on  whether  the  time  lost  due  to  slow 
speed  in  backing  is  compensated  for  by  the  saving  in 
turning  time.     In  theory  there  is  a  wide  difference  be- 
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tween  normal  driving  speed  ahead  and  in  reverse.  In 
practice  the  observed  backing  speed  is  usually  relatively 
high  when  compared  with  the  forward  hauling  speed  as 
indicated  by  Tables  5,  6,  and  7.  Where  this  is  true 
and  the  turning  time  is  large,  the  distance  over  which 
shuttling  can  be  done  to  advantage  is  considerable. 

Shuttling  is  not  resorted  to  as  often  as  it  ought  to  be 
nor  to  as  great  a  distance.  Under  the  conditions  given 
in  Tables  5,  6,  and  7,  shuttling  could  have  been  prac- 
ticed up  to  a  distance  of  about  700  feet  in  each  case. 
On  short  hauls — that  is,  on  hauls  up  to  200  or  300  feet — 
shuttling  the  trucks  sometimes  nearly  doubles  their 
output.  It  also  improves  operating  conditions,  as 
where  trucks  are  turning  both  at  the  dump  and  at  the 
shovel  it  is  hard  to  manage  the  trucks  so  that  they  will 
not  interfere  with  each  other. 


like  stiff  putty  and  yields  readily  under  heavy  loads. 
In  the  fill  the  same  condition  is  retained  and  is  made 
worse  by  every  rain.  Trucks  may  be  mired  down, 
causing  a  loss  of  time  not  only  for  the  mired  truck  but 
also  for  those  sent  to  its  assistance.  Much  of  this 
difficulty  is  due  to  the  use  of  trucks  where  a  careful 
examination  would  have  indicated  that  other  hauling 


Road  Conditions  Have  an  Important  Bearing  on  the 
Efficiency  of  Truck  Hauling,  Particularly  with 
the  Larger  Sizes  of  Trucks 

pneumatic  tires  better  than  solid  tires  for  operation 
on  soft  ground 

Heavy  trucks  are  apt  to  mire  down  in  soft  ground 
and  they  are  not  well  adapted  to  the  conditions  pre- 
vailing when  layer  dumping  is  required  unless  the 
material  compacts  easily.  End  dumping  is  much 
better  suited  to  truck  hauling.  Even  then,  for  fast 
truck  operation  the  load  must  be  dumped  some  little 
distance  from  the  edge  and  then  pushed  over  with  a 
bulldozer.  The  increased  confidence  with  which  the 
trucks  can  be  handled  when  they  are  not  required  to 
drive  close  to  the  end  of  the  fill,  to  say  nothing  of  the 
accidents  which  occur  on  such  work,  generally  reduce 
the  average  time  per  load  enough  to  more  than  pay  the 
extra  cost  of  the  bulldozer. 

Soft  ground  on  the  dump  and  around  the  shovel 
causes  many  delays.  In  a  deep  cut  the  moisture  con- 
tent of  the  soil  at  the  bottom  of  the  cut  is  apt  to  be 
high.    Clay  is  often  in  a  plastic  condition,  a  good  deal 


Table  8. — Hauling  speed  of  sy^-ton  trucks  (make  A)  with  solid 
tires  over  a  rough  road;  each  entry  is  the  average  of  a  one-hour 
study 

JOB  NO.  41 

[Average  round-trip  speed,  271  feet  per  minute] 


Time 

Average  speed 

Dippers  per  load 

Hau 

Haul 

Return 

Haul 

Return 

Feet  per 

Feet  per 

Number 

Feet 

Seconds 

Seconds 

minute 

minute 

6.  1 

700 

217.5 

123.2 

192 

342 

6.1 

550 

130.7 

85.2 

253 

388 

6.1 

500 

126.0 

83.0 

238 

362 

6.0 

420 

90.0 

76.7 

280 

329 

6.0 

420 

99.7 

81.7 

253 

309 

5.8 

400 

79.0 

59.6 

304 

403 

6.0 

400 

114.8 

84.8 

209 

283 

6.0 

400 

168.2 

85.2 

143 

282 

4.8 

360 

60.6 

41.6 

358 

520 

6.0 

360 

67.8 

54.7 

319 

395 

5.0 

350 

77.7 

48.5 

270 

433 

6.0 

350 

139.0 

69.7 

151 

301 

5.0 

320 

81.8 

99.0 

236 

195 

Total  or  av.  74.9 

5,530 

1,  452.  8 

992.9 

228 

334 

JOB   NO.  44 
[Average  round-trip  speed,  369  feet  per  minute] 


3.3 

1,900 

356.7 

246.3 

320 

463 

3.0 

1,800 

267.3 

228.3 

404 

474 

3.4 

1,800 

298.2 

209.0 

362 

508 

3.0 

1,800 

375.0 

244.5 

288 

442 

4.0 

1,200 

201.8 

149.8 

358 

480 

3,8 

1,100 

178.5 

143.7 

371 

460 

4.0 

1,100 

165.2 

156.2 

401 

423 

3.2 

1,000 

271.7 

237  7 

221 

252 

4.0 

900 

174.5 

180.5 

309 

299 

4.0 

700 

134.4 

70.8 

313 

593 

4.0 

700 

147.0 

81.0 

286 

520 

4.0 

450 

67.4 

49.8 

400 

540 

4.0 

450 

93.2 

52.6 

290 

514 

4.0 

300 

59.6 

55.4 

302 

324 

Total  or  av. 

3.0 
54.7 

150 

53.0 

46.3 

170 

195 

15,  350 

2,813.  5 

2, 152.  9 

320 

423 

Table  9. — Hauling  speed  with  1-ton  trucks  (make  C)  with  pneu- 
matic tires  operating  over  a  good  road;  each  entry  is  the  result  of 
a  single  observation 

[Average  round-trip  speed,  362  feet  per  minute] 


Dippers  per  load 

Haul 

Time 

Average  speed 

Haul 

Return 

Haul 

Return 

Feet  per 

Feet  per 

Number 

Feet 

Seconds 

Seconds 

minute 

minute 

2 

300 

75 

45 

240 

400 

2 

300 

67 

40 

269 

450 

2 

300 

72 

52 

250 

347 

2 

300 

75 

55 

240 

328 

2 

500 

74 

75 

406 

400 

2 

500 

77 

99 

390 

303 

2 

500 

88 

71 

341 

423 

2 

525 

94 

90 

335 

350 

2 

525 

87 

100 

362 

315 

2 

450 

90 

79 

300 

342 

2 

450 

83 

80 

326 

338 

2 

500 

97 

91 

319 

330 

2 

450 

85 

74 

318 

365 

2 

550 

106 

99 

312 

334 

2 

500 

95 

91 

316 

330 

2 

500 

84 

78 

357 

384 

2 

500 

93 

80 

322 

375 

1 

700 

78 

80 

539 

525 

1 

700 

92 

72 

457 

584 

1 

750 

107 

79 

421 

570 

Total  or  av-  1.85 

9,800 

1,719 

1,530 

342              384 
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Table  10. — Hauling  speed  with  5-ton  trucks  (make  D)  with  solid 
tires  over  a  good  surface;  each  entry  represents  the  average  for 
one  day's  study 

[Average  round-trip  speed,  508  feet  per  minute] 


Time 

Average  speed 

Dippers  per  load 

Haul 

Haul 

Return 

Haul 

Return 

Feet  per 

Feet  per 

Number 

Feet 

Seconds 

Seconds 

minute 

minute 

5.0 

2,850 

284 

271 

610 

630 

5.7 

2,975 

260 

239 

686 

747 

7.5 

3,175 

365 

347 

522 

550 

7.7 

3,200 

332 

285 

578 

674 

4.8 

3,225 

367 

341 

528 

568 

7.0 

3,250 

293 

246 

665 

792 

5.7 

3,250 

424 

299 

460 

652 

6.3 

3,275 

461 

344 

427 

672 

4.3 

3,350 

669 

591 

301 

340 

9.3 

3,525 

509 

421 

417 

504 

5.3 

3,550 

425 

343 

502 

621 

4.7 

3,575 

745 

639 

288 

336 

5.0 

3,750 

444 

393 

507 

573 

6.7 

3,875 

413 

332 

563 

700 

6.7 

3,900 

478 

466 

490 

505 

6.3 

3,950 

436 

324 

544 

732 

6.0 

4,275 

622 

519 

418 

495 

Total  or  av..  6.1 

58, 950 

7,527 

6,400 

470 

553 

equipment  should  be  used  On  the  other  hand,  while 
the  presence  of  a  large  amount  of  such  material  should 
suggest  the  use  of  equipment  other  than  trucks,  there 
are  relatively  few  large  projects  which  have  no  material 
of  this  general  nature.  If  it  is  decided  to  use  trucks  in 
such  a  case,  dual  pneumatic  tire  equipment  is  a  decided 
advantage.  The  trucks  can  then  travel  repeatedly  over 
ground  which  could  not  be  traversed  with  solid  tires. 
The  cost  of  using  the  dual  pneumatic  tires  is  doubt- 
less more  than  that  for  solid  tires  where  the  same  rate 
of  production  can  be  maintained  with  either  type  but 
it  should  be  remembered  that  a  very  small  difference  in 
output  will  cover  the  difference  in  operating  cost. 
With  excavation  at  50  cents  a  cubic  yard,  and  the 
trucks  hauling  2  cubic  yards  per  load,  a  difference  of  a 
few  loads  a  day  in  favor  of  the  dual  pneumatic  tires  will 
justify  their  use.  Table  7  shows  the  speed  it  is  possible 
to  maintain  under  favorable  conditions  on  long-haul 
work  with  trucks  equipped  with  these  tires. 

TRUCK  SPEED  GOVERNED  BY  ROAD  CONDITIONS 

The  performance  of  trucks  is  governed  largely  by  the 
supporting  power  of  the  ground  at  the  shovel  and  at 
the  dump.  Generally,  the  traveled  way  between  the 
shovel  and  the  dump  is  more  compact  and  easier  to 
maintain.  The  exact  soil  condition  which  will  be 
encountered  at  the  bottom  of  a  deep  cut  is  naturally 
a  matter  of  conjecture  until  the  work  is  well  under  way. 
With  this  uncertainty  it  seems  that  more  stress  could 
well  be  placed  on  the  necessity  of  having  all  trucks 
equipped  with  the  most  favorable  type  of  tires.  Obser- 
vations made  on  a  number  of  projects  on  which  trucks 
were  used  indicate  that  several  which  were  handled  at 
little  or  no  profit  could  have  been  converted  into  profit- 
able undertakings  by  merely  adjusting  this  one  item 
in  the  equipment.  Such  a  change  would  have  enabled 
the  trucks  not  only  to  operate  over  the  soft  ground  but 
would  also  have  reduced  the  turning  time  and  materi- 
ally increased  the  operating  speed,  an  important  item 
on  all  long-haul  work. 

Tables  7  to  10  show  the  results  of  observations  as  to 
the  speed  of  trucks  of  various  types.  In  practice  the 
working  speed  seldom,  if  ever,  reaches  the  rated  speed 
of  the  truck.  No  job  has  yet  been  found  where  the 
trucks   were   consistently   working   at   anywhere   near 


their  rated  full-load  speed.  The  job  speed  appears  to 
be  governed  partly  by  the  load  but  more  definitely  by 
the  road  conditions.  Bad  going  and  overloaded  trucks 
are  the  rule.  Overloading  appears  to  be  due  in  part  to 
attempts  to  counteract  the  effect  of  low  speed  by  carry- 
ing larger  loads.  Generally  this  makes  road  conditions 
still  worse,  necessitating  even  lower  speed,  and  finally, 
as  the  roads  become  still  worse,  smaller  loads  at  very 
low  speeds.  It  appears  that  this  problem  can  best  be 
solved  with  adequate  tire  equipment,  proper  loads, 
and  reasonable  attention  to  maintenance  of  the  roads. 
This  would  more  often  permit  a  normal  operating 
speed. 


Smooth  Roadway  Surface  Left  by  a  Careful  Shovel 
Operator 

Tire  equipment  suited  to  road  conditions  on  highway 
construction  will  considerably  simplify  keeping  the 
traveled  way  in  good  condition.  The  matter  should 
not,  however,  rest  here.  When  the  hauling  must  be 
done  over  a  yielding  surface,  ruts  are  inevitable  unless 
a  blade  grader  or  drag  is  kept  at  work  most  of  the  time. 
Filling  depressions  before  they  become  large  will  gen- 
erally keep  the  surface  in  reasonably  good  condition 
except  in  very  wet  or  very  dry  weather.  In  dry  weather 
bad  places  can  usually  be  patched,  if  an  occasional 
load  of  moist  clay  be  placed  so  that  it  can  be  bladed 
gradually  into  the  ruts.  The  tendency  is  to  put  off 
blading  until  the  ruts  become  so  deep  that  they  obvi- 
ously hinder  the  trucks.  When  this  point  has  been 
reached,  it  is  difficult,  if  not  impossible,  to  correct  it. 
There  is  some  danger  in  filling  very  deep  ruts  with  a 
drag  or  grader  because  the  material  is  seldom  stable 
until  it  has  been  driven  over  a  good  many  times.  The 
worst  holes  are  hidden  so  that  there  is  more  danger 
of  damaging  the  trucks  immediately  after  the  ruts  are 
filled  than  there  was  before.  Maintenance  to  be 
effective  must  be  used  as  a  preventive  rather  than  as 
a  cure.  Next  to  the  use  of  suitable  tires,  continuous 
maintenance  is  probably  the  most  important  item  in 
securing  a  profitable  output  where  trucks  are  used. 

Road  conditions  between  the  shovel  and  the  dump 
may  often  be  improved  by  more  careful  work  by  the 
shovel  operator  and  grade  foreman.  Occasionally  a 
foreman  will  be  found  who  sets  grade  targets  at  the 
height  of  the  operator's  eye,  so  that  the  operator  can 
tell  at  all  times  just  how  closely  he  is  cutting  to  grade 
and  can  leave  the  floor  of  the  cut  behind  him  reasonably 
smooth  and  close  to  grade.  Excavation  conducted  in 
this  manner  leaves  a  much  better  surface  for  vehicles 
to  travel  over  and  enables  a  greater  speed  to  be  main- 
tained. 
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MANY  CONTRACTORS  BEGIN  OPERATION  TOO  SOON  AFTER  A  RAIN 

Another  factor  in  the  creation  of  bad  hauling  condi- 
tions is  the  operation  of  trucks  too  soon  after  rains. 
This  raises  the  question  of  idle  time  losses  which  was 
discussed  in  connection  with  the  operation  of  wagons. 
In  principle  the  solution  of  the  problem  is  along  the 
same  lines,  but  the  relation  of  idle-time  cost  to  operat- 
ing cost  is  here  so  different  that  the  result  is  materially 
changed.  Take,  as  an  illustration,  a  shovel  at  $50  a 
day,  operations  at  the  dump  at  $25  a  day,  and  four 
trucks  at  $25  a  day  each — giving  a  total  operation 
cost  of  $175  per  day.  As  a  rule  no  stock  is  used  on 
such  a  job,  and,  particularly  in  the  East,  no  camp  is 
maintained.  The  only  full-time  men  are  the  job  fore- 
man, the  shovel  runner,  watchman,  and  perhaps  a 
timekeeper.  Ordinarily  the  idle-time  cost  will  not 
exceed  $30  or  $40  a  day  and  the  difference  between 
the  cost  of  working  and  of  remaining  idle  will  be  from 
$135  to  $145  a  day,  or  roughly  four-fifths  of  the  average 
daily  operating  cost. 

On  typical  truck-haul  jobs  it  is  generally  cheaper  to 
remain  idle  than  it  is  to  work  unless  the  output  which 
can  be  secured  is  near  80  per  cent  of  that  which  is 
required  to  pay  the  full  operating  expenses  under 
normal  working  conditions.  When  teams  are  being- 
used,  it  is  desirable  to  work  whenever  it  is  at  all  possible, 
whereas  when  trucks  are  being  operated  profit  is  almost 
certain  to  be  reduced  by  operating  before  at  least  three- 
fourths  of  the  yardage  necessary  to  pay  the  full  cost 
of  normal  operation  can  be  secured.  This  deduction  is 
based  only  on  the  relation  between  idle- time  cost  and 
operating  cost.  It  is  strongly  supported  by  the  fact 
that  beginning  operation  too  soon  after  rains  creates 
road  conditions  which  slow  down  subsequent  operations 
and  also  damage  the  hauling  equipment.  These  facts 
strongly  emphasize  the  general  observation  that  there 
is  a  prevailing  tendency  to  operate  truck  jobs  too  soon 
after  rains  with  the  result  that  much  profit  is  needlesshr 
dissipated. 

Where  heavy  trucks  are  used,  loading  is  generally 
done  behind  the  shovel,  but  it  could  frequently  be  done 
at  the  side.  In  loading  at  the  side  there  is  the  problem 
of  truck  substitution  without  delaying  the  shovel.  This 
can  be  done  readily  enough  if  the  bottom  of  the  cut  is 
solid  and  the  shovel  has  cleaned  up  carefully.  If, 
however,  the  bottom  of  the  cut  is  none  too  good  and  the 
clean-up  has  been  careless,  it  may  be  difficult  to  spot 
the  replacement  truck  until  the  loaded  truck  has  moved 
completely  out  of  the  way.  This  frequently  delays  the 
shovel,  but  if  as  many  as  five  dipper  loads  are  placed 
on  a  truck  the  shorter  shovel  cycle  is  almost  certain  to 
more  than  compensate  for  any  ordinary  delay  due  to 
the  drive-in.  The  remedy  for  slow  drive-in  lies  in  a 
careful  clean-up  and  in  the  maintenance  of  working 
conditions  suitable  for  the  operation  of  trucks. 

METHOD   OF  DETERMINING   TRUCK   SUPPLY   DISCUSSED 

The  number  of  trucks  the  contractor  should  send  out 
with  his  shovel  in  order  to  complete  a  job  at  the  lowest 
possible  cost  deserves  much  more  scientific  attention 
than  is  usually  given  the  matter.  Heavy  trucks  are 
usually  considered  to  be  worth  from  $2.50  to  $3  per 
hour.  They  are  too  expensive  to  warrant  the  use  of 
more  than  are  really  necessary.  On  the  other  hand  a 
shortage  of  only  one  truck  on  a  moderate  haul  may 
readily  reduce  shovel  production  as  much  as  20  or  30 
per  cent,     But  practically  all  grading  jobs  have  hauls 


which  vary  more  or  less  erratically  in  length.  The 
number  of  trucks  which  a  contractor  should  send  to  a 
job  is  a  question  which  has  a  verv  direct  relation  to  the 
profits. 

A  general  method  of  determining  the  number  of 
hauling  units  which  should  be  sent  out  on  a  job  with 
fluctuating  hauls  was  discussed  in  part  2.1  These 
principles  are  equally  applicable  to  the  truck  providing 
data  which  correctly  represent  the  actual  operating 
characteristics  are  used.  Tables  11  and  12  show  the 
method  of  finding  the  cost  of  completing  two  particular 
jobs  when  varying  numbers  of  three  different  types  of 
trucks  are  sent  out  and  maintained  with  the  shovel 
until  the  job  is  completed.  The  quantities  and  haul 
distances  are  the  same  as  those  used  in  the  case  of 
horse-drawn  vehicles.  It  may  be  well  to  repeat  that  the 
basic  data  to  be  used  is  that  relating  to  the  particular 
job  in  question  and  aside  from  quantities  and  haul  is 
dependent  on  the  size  of  the  shovel  and  its  rate  of  oper- 
ation, the  loading,  speed,  and  other  operating  charac- 
teristics of  the  trucks,  together  with  the  relative  daily 
or  hourly  cost  of  operating  the  shovel  and  the  trucks 
and  the  distribution  of  the  haul.  The  actual  figures 
used  in  these  two  examples  are  therefore  only  illustra- 
tive and  can  not  be  applied  to  other  jobs  unless  it  is 
definitely  known  that  all  field  conditions  are  practically 
identical. 

Sometimes,  especially  on  large  jobs,  the  hauls  may 
be  so  distributed  that  it  will  prove  worth  while  to 
vary  the  number  of  trucks  used  from  section  to  section. 
It  may  be  that  the  hauls  on  the  first  section  are  such 
that  six  trucks  are  required.  The  following  section, 
because  of  shorter  hauls  or  because  of  more  difficult 
materials,  may  require  only  four  trucks.  At  the  com- 
pletion of  the  first  section  two  trucks  should  then  be 
either  laid  up  or  transferred  to  other  work.  It  will 
often  be  preferable  to  begin  work  on  the  sections  with 
shortest  hauls  and  move  in  succession  to  the  next 
longer  hauls.  This  permits  a  gradual  and  steady  ex- 
pansion of  the  organization  and  is  particularly  advan- 
tageous on  jobs  with  a  wide  range  in  haul  distances. 

Referring  to  Tables  11  and  12,  it  will  be  noted  that 
the  larger  and  more  expensive  the  truck  the  more  im- 
portant it  is  to  use  exactly  the  proper  number.  For 
the  light  trucks  one  vehicle  more  or  less  than  the 
proper  number  does  not  affect  the  cost  so  seriously, 
but  for  the  larger  and  more  expensive  vehicles  one 
vehicle  either  more  or  less  than  the  optimum  is  suffi- 
cient to  affect  profits  rather  seriously,  while  a  difference 
of  two  trucks  may  turn  an  otherwise  profitable  job  into 
a  definite  loss. 

Summarizing  briefly,  the  heavy  truck  is  a  sturdy, 
dependable  piece  of  equipment  capable  of  doing  good 
work  and  a  great  deal  of  it.  On  the  other  hand,  it  is  an 
expensive  piece  of  equipment  with  a  large  operating 
expense  and  the  output  per  truck  must  be  high  if  its 
use  is"  to  prove  profitable.  A  good  many  jobs  present 
the  appearance  of  mere  replacement  of  wagons  with 
trucks  hi  which  the  style  of  operation  still  retains  all  of 
the  characteristics  of  the  wagon  job.  Under  such 
conditions  the  use  of  trucks  is  apt  to  be  a  failure. 
Trucks  can  be  operated  after  a  fashion  even  under 
very  adverse  conditions,  but  to  work  at  a  profit  the 
conditions  must  be  such  that  speed  as  well  as  carrying 
capacity  can  be  utilized  without  serious  loss  of  time 
due  to  unnecessary  backing,  slow  turning,  and  pulling 

1  See  Public  Roads  vol.  9,  No.  1,  March,  1928. 
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Table  II.— Determination  of  most  economical  number  of  trucks  to  send  out  on  a  given  job  where  the  cost  of  operating  shovel  and  dump 

is  estimated  at  $75  per  10-hour  day 


Days 
work 
at  full 
pro- 

Light trucks,  pneumatic  tires  ' 

Heavy-duty  trucks,  solid  tires  2 

Heavy-duty  trucks, 

pneumatic  tires  3 

Trucks 

9- 

10- 

11-        12- 

13- 

Trucks 

4- 

5- 

6- 

7- 

8- 

9- 

10- 

3. 

4- 
truck 
basis 

5-         6- 
truckitruck 
basis   basis 

7- 

truck 
basis 

Quantity 

Haul 

duc- 
tion 
(720cu. 
yds. 
per 
day) 

required 
to  main- 
tain full 
shovel 
produc- 
tion 

truck 
basis 

truck 
basis 

truck  truck  truck 
basis   basis   basis 

required 
to  main- 
tain full 

truck 
basis 

truck 
basis 

truck 
basis 

truck 
basis 

truck 
basis 

truck 
basis 

truck 
basis 

required 
to  main- 
tain full 

truck 
basis 

Days  required 

shovel 
produc- 
tion 

Days  required 

shovel 
produc- 
tion 

Days  required 

Cu.  yds. 

Feet 

7,200 

500 

10 

5.3 

10.0 

10.0 

10.0 

10.0 

10.0 

3.2 

10 

10.0 

10.0,     10.0 

10.0 

10.0 

10 

2.5 

10.0 

10.0 

10  0 

10  0 

10  0 

18, 720 

600 

26 

5.9 

26.0 

26.0 

26.0 

26.0 

26.0 

3.4 

26 

26.0 

26.  0     26. 0 

26.0 

26.0 

26 

2.6 

26.0 

26.0 

26.0 

26  0 

26  0 

14,400 

900 

20 

7.5 

20.0 

20.0 

20.0 

20.0 

20.0 

4.2 

20 

20.0 

20. 0     20. 0 

20.0 

20.0 

20 

3.0 

20.0 

20.0 

20.0 

20  0 

20  0 

10, 800 

1,200 

15 

9.1 

15.1 

15.0 

15.0 

15.0 

15.0 

5.0 

20 

15.0 

15.0 

15.0 

15.0 

15.0 

15 

3.4 

17.  1 

15.0 

15.0 

15  0 

15  0 

5,700 

1,500 

8 

10.7 

9.5 

8.2 

8.0 

8.0 

8.0 

5.8 

16 

9.6 

8.0 

8.0 

8.0 

8.0 

8 

3.8 

10  6 

8  0 

8  0 

8  0 

8  0 

10, 080 

1,800 

14 

12.3 

19.0 

17.2 

15.5 

14.3 

14.0 

6.6 

30 

19.0 

15.7 

14.0 

14.0 

14.0 

14 

4.2 

20.0 

15.0 

14  0 

14  0 

14  0 

7,200 

2,400 

10 

15.7 

17.2 

15.5 

14.1 

12.9 

11.9 

8.2 

27 

16.0 

13.3 

11.4 

10.0 

10.0 

10 

5.0 

16.7 

12.5 

10.0 

10.0 

10  0 

7,200 

3,000 

10 

18.7 

20.7 

18.7 

17.0 

15.6 

14.4 

9.7 

33 

20.0 

16.7 

14.3 

12.5 

11.1 

10 

5.8 

20.0 

15.0 

12.0 

10  0 

10  0 

14,  400 

4,000 

20 

24.0 

53.4 

48.0 

43.4 

40.0 

36.8 

12.4 

80 

48.0 

40.0 

34.3 

30.0 

26.7 

24 

7.1 

46.7 

35.0 

28.0 

23  3 

20  0 

10,  800 

4,600 

15 

27.2 

45.3 

40. 8     37. 0     34.  0 

31.5 

13.9 

70 

42.0 

35.  0      30.  0 

26.2 

23.3 

21 

7.9 

40.0 

30.0 

24.0 

20.0 

17.1 

Total,        106,560 

148 

236.2 

$183 
43,  225 

219.4   206.0   195.8 

$195      $207      $219 

42,  783  42.  64242.  880 

187.6 

$231 

43,  336 

332 

$175 
58,  100 

225.6 

$200 

45, 120 

199.7    183.0 

$225      $250 

14  933  4.1  (\cm 

171.7 

$275 

47,  218 

ir,i.  i 

$300 
49,  230 

158 

227.1 

$165 

37,  472 

IM-,. :, 

$196 

36, 368 

167.0 

$225 

37, 865 

156.3 

$255 

39, 857 

150.1 

$285 

42,  779 

Coast  per  day... 

$325 
51,350 

Total  cost  of  job.. _ 



i  Estimate  on  basis  of  light  trucks  at  $12  per  day  to  carry  2  dippers  per  load,  round  trip  speed  500  feet  per  minute,  loading  time  three-quarters  minute;  total  time  con- 
stant 2  minutes. 

2  Estimate  on  basis  of  heavy-duty  trucks  at  $25  per  day  to  carry  5  dippers  per  load,  round-trip  speed  400  feet  per  minute,  loading  time  1.9  minutes,  and  total  time  con- 
stant 3.5  minutes. 

s  Estimate  on  basis  of  heavy-duty  trucks  with  pneumatic  tires  at  $30  per  day  to  carry  5  dippers  per  load  at  800  feet  per  minute,  loading  time  1.9  minutes,  and  total  time 
constant  3.5  minutes. 

Table  12. — Determination  of  most  economical  number  of  trucks  to  send  out  on  a  given  job  where  the  cost  of  operating  shovel  and  dump 

is  estimated  at  $75  per  10-hour  day 


Days' 

Light  trucks  ' 

Heavy-duty  trucks,  solid  tires 

2 

Heavy-duty  trucks,  pneumatic  tires  3 

work 
at  full 

pro- 

Trucks 

Trucks 

Trucks 

Quantity 

Haul 

duc- 
tion 
(720 
cu.  yds. 
per 
day) 

required 
to  main- 
tain full 
shovel 
produc- 

5-truck 
basis 

6-truek 
basis 

7-truck 
basis 

8-truck 
basis 

9-truck 
basis 

required 
to  main- 
tain full 
shovel 
produc- 

2-truck 
basis 

3-truck 
basi« 

4-truck 
basis 

5-truck 
basis 

required 
to  main- 
tain full 
shovel 
produc- 

2-truck 
basis 

3-truck 
basis 

4-truck 
basis 

tion 

Da 

ys  requi 

red 

tion 

Days  r 

?quired 

tion 

Days  required 

Cu.  yds. 

Feet 

14, 400 

500 

20 

5.3 

21.3 

20.0 

20.0 

20.0 

20.0 

3.2 

31.6 

21.0 

20.0 

20 

2.5 

25.0 

20.0 

20 

10,  800 

600 

15 

5.9 

17.6 

15.0 

15.0 

15.0 

15.0 

3.4 

25.6 

17.1 

15.0 

15 

2.6 

19.8 

15.0 

15 

7,200 

700 

10 

6.4 

12.8 

10.6 

10.0 

10.0 

10.0 

3.7 

18.5 

12.3 

10.0 

10 

2.8 

13.8 

10.0 

10 

10,  800 

800 

15 

6.9 

20.8 

17.3 

15.0 

15.0 

15.0 

3.9 

30.0 

20.0 

15.0 

15 

2.9 

21.7 

15.0 

15 

5,760 

900 

8 

7.5 

11.9 

10.0 

8.5 

8.0 

8.0 

4.2 

16.8 

11.2 

8.4 

8 

3.0 

12.2 

8.0 

8 

7,200 

1,100 

10 

8.5 

17.0 

14.2 

12.2 

10.7 

10.0 

4.7 

23.7 

15.8 

11.8 

10 

3.3 

16.5 

11.0 

10 

10,  800 

1,200 

15 

9.1 

27.2 

22.7 

19.4 

17.0 

15.1 

5.0 

37.5 

25.0 

18.8 

15 

3.4 

25.6 

17.1 

15 

Total,     66, 960 

93 

128.6 
$135 

109.8 
$147 

100.1 

$159 

95.7 
$171 

93.1 
$183 

183.7 

$125 

123.4 

$150 

W  II 
$175 

93  ^ 

$200 

134.6 
$135 

96.1 
$165 

93 

Cost  per  day... 

$195 

Cost  to  comple 

e  job... 

17,361 

16, 141 

15,916 

16, 365 

17,037 

23,  963 

18,  510 

17,  325 

18, 600 

18, 171 

15,  857 

18, 125 

i  Estimate  on  basis  of  light  trucks  at  $12  per  day  carrying  2  dippers  per  load,  round-trip  speed  500  feet  per  minute,  loading  time  three-fourths  minute,  total  time  constant 
2  minutes. 

2  Estimate  on  basis  of  heavy-duty  trucks  at  $25  per  day,  carrying  5  dippers  per  load,  round-trip  speed  400  feet  per  minute,  loading  time  1.9  minutes,  total  time  constant 
3}4  minutes. 

3  Estimate  on  basis  of  trucks  with  dual-pneumatic  tires,  carrying  5  dippers  per  load,  $30  per  day,  loading  time  1.9  minutes,  total  time  constant  3}^  minutes,  round-trip 
speed  800  feet  per  minute. 


out  of  holes.  To  make  the  use  of  trucks  profitable, 
their  characteristics  must  be  studied,  the  proper  type 
selected,  and  the  job  conditions  then  adjusted  and 
maintained  so  as  to  meet  these  requirements. 

LARGE   TRACTOR-DRAWN   WAGONS   NOW   USED 

Large  dump  wagons  drawn  by  crawler-type  tractors 
have  recently  come  into  considerable  use  with  power 
shovels.  The  merit  of  this  combination  appears  to  be 
due  to  the  following  facts:  (1)  The  crawler-type 
tractor  can  be  operated  effectively  over  a  wide  range 
of  road  conditions  such  as  are  found  in  grading  work; 
(2)  it  can  be  maneuvered  readily  on  steep  grades,  over 
rough  or  soft  ground  and  among  stumps,  rocks,  and 
other  obstructions;  (3)  it  can  maintain  a  relatively  high 
draw-bar  pull  under  these  conditions  and  can  haul 
comparatively  large  loads;  and  (4)  the  wagons  which 
have  been  studied  were  strongly  constructed  and  well 


adapted  to  operate  under  severe  field  conditions  and 
were  equipped  with  a  simple  and  effective  dumping 
mechanism. 

Under  normal  working  conditions  a  heavy  tractor 
can  draw  two  of  these  dump  wagons,  each  having  a 
capacity  of  5  or  6  cubic  yards.  If  the  haul  is  down  very 
heavy  grades,  it  is  sometimes  necessary  to  limit  the 
train  to  one  wagon  because  at  present  wagons  are  not 
equipped  with  brakes.  Tables  13  to  17,  inclusive,  indi- 
cate that  where  ground  conditions  are  fair  and  the  road 
of  sufficient  width,  two  wagons  can  be  handled  almost 
as  speedily  as  one,  not  only  in  the  operations  of  dump- 
ing, turning,  and  maneuvering,  but  also  in  the  direct 
haul.  The  use  of  two  wagons  is  clearly  an  advantage  if 
all  loading  is  done  at  the  rear  of  the  shovel  instead  of 
the  more  logical  method  of  loading  the  vehicles  at  the 
side.  A  one-wagon  train  can  be  backed  with  ease  and 
dispatch,  but  to  back  a  two-wagon  train  requires  con 
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siderable  skill  and  time.  A  partial  solution  of  this 
difficulty  might  be  found  in  the  use  of  a  larger  shovel. 
The  handicap  of  a  long  swing  would  still  remain,  but  a 
smaller  number  of  dippers  would  be  required  to  load 
each  train. 

FAST  TURNING  AND  DUMPING  POSSIBLE  WITH  TRACTOR  TRAINS 

The  various  operations  of  turning,  dumping,  and 
maneuvering  are  comparatively  fast  in  the  hands  of  a 
skillful  operator.  The  exact  time  for  each  of  these 
operations  is  shown  more  fully  in  Tables  13  to  16. 
Tables  14  to  17  show  the  hauling  speed  for  various 
lengths  of  haul  and  under  the  varying  conditions  on 
different  jobs.  These  tables  will  indicate  to  some  ex- 
tent what  can  be  expected  from  this  type  of  equipment 
as  well  as  the  amount  of  the  time  losses  most  likely  to 
be  chargeable  to  its  use. 

Of  the  items  which  make  up  the  time  constant,  it 
will  be  observed  that  the  loading  time  is  long.  This 
is  inevitable  on  account  of  the  large  amount  of  material 
carried  per  load.  The  loading  time  is  usually  from 
five  to  seven  minutes  for  a  train  of  two  5-yard  wagons. 
With  a  standard  24-yard  shovel,  from  7  to  10  dippers 
are  required  to  load  each  wagon,  and,  if  the  shovel  is 
working  at  a  rate  of  three  dipper  loads  per  minute,  from 
two  and  one-third  to  three  and  one-third  minutes  will 
be  taken  up  in  loading  each  wagon.  If  the  cut  is  nar- 
row so   that   the   turning  radius  is  short  it  may  be 

Table  13. —  Time  constant  studies  of  crawler  tractors,  each  draw- 
ing one  5-yard  steel  wagon.     Loading  done  by  a  z/i-yard  shovel 

[Time  constant,  219.1  seconds] 


Dippers 
per  load 

Loading 

Waiting 
at  dump 

Turning 
at  dump 

«-™'S 

Number 
6 
6 
7 
5 
7 
7 
7 
7 
7 
7 
8 
7 
7 
8 
8 
7 
8 
8 
8 
7 

Seconds 
152 
151 
168 
121 
177 
179 
165 
182 
174 
167 
209 
167 
180 
188 
216 
195 
204 
182 
209 
175 

Seconds 

Seconds 
14 
11 

9 
12 

8 

Seconds  ,   Seconds 
7                 lfi 

9 
10 
9 

8 

10 
13 
13 
15 
15 
14 
14 
15 
16 
14 
11 
14 
12 
15 
22 
14 
16 
17 
20 

9                   8 

14 
19 
44 
14 
17 

12 
15 
10 

7 

15                 10 
22                 10 

15  7 

14  8 
17                   7 
17                   9 

16  8 

15  9 
10                   6 

14 

13 
10 

Av.7.1 

178 

1.9 

15.  6               8.  8 

14.8 

Table  14. — Comparison   of  operating   speed   of  crawler   tractors 
draw'ng  1 -wagon  and  2-wagon  trains 

The  wagons  were  5-yard  capacity  and  were  loaded  by  a  9£-yard  shovel.    Operation 
in  late  fall  and  winter  over  roads  in  fair  and  poor  condition] 


Operation 

Time  for 
1-wagon 
train  i 

Time  for 
2-wagon 
train  ! 

Loading 

Seconds 
186.0 
67.6 
20.8 
17.4 
21.0 

Secondt 
398.5 
86.3 
22.8 
20.7 
17.5 
13.8 

Waiting  at  dump 

Turning  at  dump  .. 

Dumping  load    . 

Turning  at  shovel 

Spotting  second  wagon . 

Total 

necessary  to  use  the  shovel  in  getting  the  second 
wagon  into  loading  position  as  on  short  turns  it  does 
not  follow  around  perfectly.  On  wide  roads  this 
extra  operation  is  not  necessary,  nor  is  it  required  in 
loading  at  the  side  of  the  shovel.  Any  conditions 
which  extend  the  dipper  cycle  beyond  20  seconds — stiff 
clay,  badly  shot  rock,  stumps,  etc. — will  also  extend 
the  loading  period  so  that  digging  conditions  must  be 

Table  15. — Typical  studies  of  operation  of  crawler  tractors  drawing 
two  5-yard  wagons.     Loading  done  by  %-yard  shovels 

JOB  No.  39 


Most  of  hauling  over  rough  and  rocky  roads  with  steep  grades 

Haul 

Load- 
ing 

Haul- 
ing to 
dump 

Turn- 
ing 

at 
dump 

Waits 
and 
de- 
lays 

Dump- 
ing 
load 

Re- 
turn- 
ing to 
shovel 

Turn- 
ing at 
shovel 

Speed 
loaded ' 

Speed 
empty1 

Sec- 

Sec- 

Sec- 

Sec- 

Sec- 

Sec- 

Sec- 

Feet per 

Feel  per 

Feet 

onds 

onds 

onds 

onds 

onds 

onds 

onds 

minute 

minute 

1,200 

288 

275 

22 

37 

19 

292 

14 

261 

246 

1,400 

307 

220 

19 

30 

18 

250 

14 

380 

336 

1,425 

346 

312 

19 

48 

9 

298 

12 

274 

287 

1,425 

291 

234 

23 

44 

12 

279 

17 

365 

306 

1,425 

324 

247 

13 

32 

8 

268 

13 

346 

319 

1,450 

287 

256 

22 

42 

13 

272 

21 

339 

320 

1,450 

395 

255 

17 

94 

14 

259 

53 

341 

336 

1,450 

254 

261 

21 

75 

15 

260 

55 

333 

334 

1,450 

361 

288 

28 

72 

19 

283 

19 

302 

307 

1,500 

272 

319 

18 

268 

15 

317 

14 

282 

283 

1,500 

284 

269 

12 

34 

8 

322 

24 

334 

279 

1,500 

252 

322 

19 

82 

10 

320 

14 

279 

281 

1,500 

282 

288 

17 

46 

10 

312 

14 

312 

288 

1,500 

346 

263 

18 

58 

16 

299 

14 

341 

300 

1,550 

277 

292 

25 

92 

14 

303 

16 

318 

306 

1,550 

288 

318 

16 

74 

29 

319 

16 

292 

291 

1,600 

300 

390 

20 

45 

21 

421 

10 

246 

228 

1,650 

298 

306 

19 

34 

17 

306 

8 

323 

323 

1,650 

320 

372 

21 

28 

38 

390 

13 

266 

253 

1,650 

322 

359 

21 

38 

35 

364 

18 

276 

272 

Total.29,825 

0,094 

5,746 

390 

1,263 

340 

6,134 

378 

Av...  1,491 

305 

287 

19.5 

63 

17 

307 

19 

311 

292 

Short  hauls  over  rough  and  rocky  ground 

Shovel  operating  in 

frozen  ground 

350 

544 

105 

28 

33 

24 

175 

28 

200 

120 

350 

398 

102 

34 

548 

22 

192 

32 

206 

no 

375 

422 

122 

28 

112 

18 

181 

29 

185 

124 

375 

727 

130 

29 

12 

26 

184 

28 

173 

122 

400 

375 

124 

31 

48 

23 

190 

39 

193 

126 

400 

491 

113 

19 

14 

18 

183 

28 

212 

131 

425 

365 

116 

28 

21 

15 

170 

40 

220 

150 

450 

405 

118 

26 

5 

28 

217 

25 

229 

125 

500 

381 

145 

35 

5 

30 

172 

31 

207 

174 

550 

511 

156 

25 

9 

20 

213 

26 

212 

155 

Total.  4,175 

4,619 

1,231 

283 

807 

224 

1,877 

304 

Av....     417 

462 

123 

28 

81 

22 

188 

30 

204 

133 

JOB  NO.  35 


1  Results  are  the  average  for  153  round  trips, 
from  300  to  3,000  feet  was  300  feet  per  minute. 

2  Results  are  the  average  for  84  round  trip 
from  200  to  2,000  feet  was  285  feet  per  minute. 


Average  round-trip  speed  on  hauls 
Average  round-trip  speed  on  hauls 


nauling  over  roac 

in  fair  to  poor  condition  with  steep  grades 

875 

307 

195 

22 

7 

229 

19 

270 

229 

900 

305 

207 

30 

30 

11 

198 

12 

261 

272 

950 

273 

215 

13 

40 

10 

205 

15 

270 

283 

950 

285 

207 

22 

63 

5 

204 

13 

280 

284 

1,  000 

288 

186 

17 

34 

207 

11 

322 

290 

1,050 

312 

208 

24 

80 

10 

214 

13 

302 

294 

1,100 

304 

214 

22 

12 

228 

12 

308 

289 

1,150 

285 

203 

26 

11 

252 

22 

340 

274 

1,200 

335 

242 

16 

14 

241 

■       10 

297 

298 

1,  250 

361 

250 

22 

19 

257 

9 

300 

292 

1,300 

299 

266 

26 

22 

16 

304 

12 

293 

255 

1,  350 

332 

275 

27 

195 

28 

321 

27 

295 

252 

*    1,375 

300 

275 

29 

143 

25 

301 

19 

300 

274 

1,400 

347 

277 

28 

99 

31 

317 

33 

303 

265 

2,000 

294 

318 

36 

23 

412 

28 

378 

292 

2,050 

365 

366 

23 

65 

30 

410 

11 

336 

300 

2,  050 

314 

357 

29 

99 

35 

425 

17 

345 

289 

2,100 

372 

358 

27 

45 

38 

443 

21 

352 

284 

2,100 

457 

409 

25 

103 

36 

441 

16 

308 

286 

2,150 

409 

383 

24 

34 

29 

423 

15 

336 

305 

2,150 

298 

431 

17 

35 

23 

445 

11 

300 

290 

2,200 

323 

403 

20 

54 

24 

410 

12 

327 

322 

2,200 

292 

425 

21 

177 

26 

466 

20 

310 

283 

2,250 

309 

416 

22 

76 

12 

438 

10 

324 

J07 

2,300 

276 

425 

29 

179 

34 

458 

13 

325 

301 

TotaL  39, 400 

8,042 

7,511 

597 

1,539 

543 

8,249 

401 

Av...     1,576 

321.7 

300.2 

23.8 

61.5 

21.7 

329.9 

16 

315 

28C 

1  On  both  jobs  the  haul  was  down  a  grade,  resulting  in  a  higher  speed  while 
loaded  than  while  empty. 
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Typical  Operation  with  Tractors  Hauling  Large-Capacity  Dump  Wagons 

Table    16.— Hauling  speed  of  crawler  tractors  with  one  5-yard     Table   17. —Hauling  speed  of  crawler  tractors   with  one  5-vard 
deep  mud  coM°ns  ^ying  from  good  to  very  poor  with  wagol  with  road  condLns  as  noted  V 


Round 

Haul  to 

1    Speed 

Return  to 

Speed 

trips  timed 

dump 

loaded 

shovel 

empty 

Feet  per 

Feet  per 

Number 

Feet 

Seconds 

minute 

Seconds 

minute 

6 

475 

116.0 

246 

153.0 

186 

9 

550 

137.0 

241 

161.0 

205 

8 

300 

73.0 

247 

83.0 

217 

8 

390 

87.5 

268 

96.0 

244 

6 

510 

107.7 

284 

118.3 

258 

3 

700 

138.7 

303 

156.7 

268 

6 

375 

104.5 

215 

134.1 

167 

2 

550 

118.0 

280 

130.0 

254 

10 

90 

46.4 

148 

42.8 

164 

10 

740 

199.2 

223 

148.7 

298 

7 

1,050 

241.7 

260 

207.3 

303 

5 

1,025 

202.2 

305 

184.0 

334 

6 

785 

215.7 

219 

142.1 

331 

Total.    86 
Average 

47,  215 

11,531.4 

11,182.2 

246 

253 

fairly  good  and  ample  turning  space  must  be  available 
if  a  two-wagon  train  is  to  be  loaded  every  six  minutes 
with  the  ordinary  %-yard  shovel. 

At  the  dump,  layer  or  end  dumping  can  be  used 
with  almost  equal  facility.  With  ordinary  materials 
the  load  as  it  is  dumped  is  spread  over  a  length  of  some 
20  feet.  In  layer  dumping  these  piles  can  be  spread 
either  by  a  heavy  blade  grader  or  by  a  bulldozer,  and 
the  material  compacts  without  serious  difficulty  under 
the  tractors  and  wagons  as  the  work  progresses.  Where 
this  practice  is  followed  the  dumping  time  is  almost 
negligible  as  the  train  need  hardly  come  to  a  full  stop 
in  order  to  make  the  dump.     Dumping  the  load  is 


Dip- 
pers 
per 
load 

Length 
of  haul 

Time 

Average  speed 

Remarks 

Haul 

Return 

Haul 

Return 

Num- 
ber 
8 
8 
8 
7 
9 
6 
7 
6 
8 
7 
7 
7 
7 
8 
6 
6 
7 
6 
7 
7 

Feet 
300 
300 
300 
300 
300 
300 
200 
200 
200 
200 
150 
150 
150 
150 
■  50 
■50 
■50 
150 
575 
575 

Seconds 
73 
60 
65 
64 
82 
72 
71 
69 
74 
79 
51 
52 
47 
52 
38 
43 
37 
40 
140 
155 

Seconds 
89 
74 
76 
74 
83 
92 
65 
64 
65 
62 
57 
51 
61 
57 
36 
46 
42 
39 
215 
200 

Feet 
per 
minute 
247 
300 
277 
282 
220 
250 
169 
174 
162 
152 
177 
172 
192 
172 

79 

70 

81 

75 
246 
222 

Feet 
per 
minute 
203 
243 
237 
243 
214 
196 
185 
188 
185 
194 
158 
177 
145 
158 

83 

65 

72 

77 
140 
155 

209 

Haul    down   8   per   cent 

>  grade   with    mud    huh 
deep. 

fMuddy,  grade  light. 

Road  good,  easy  grades; 

>  more  trains  on  job  than 
1    needed. 

>Road  good,  easy  grades. 

[Mud  hub  deep. 

7. 1     |     4, 350 

1,  206         1,  251 

216 

1  Not  included  in  averages. 

often  merely  a  part  of  the  general  operation  of  turning 
at  the  dump.  Where  end  dumping  is  practiced,  the 
loads  are  dropped  in  the  same  general  way  as  the  turn 
is  being  made  and  then  a  bulldozer  or  other  equip- 
ment is  used  to  push  the  dumped  piles  over  the  bank. 
Turning  is  fast.  Crawler-type  tractors  can  usually 
work  close  to  the  edge  of  a  fill,  so  that  a  train  of  two 
wagons  can  ordinarily  be  turned  on  a  25-foot  embank- 
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ment  without  backing.  Turning  time  at  both  the  dump 
and  the  cut  is  therefore  low,  as  shown  in  Tables  13  to 
15.  At  the  shovel  the  turning  is  usually  done  so  quickly 
that  the  drive-in  can  be  made  within  a  normal  dipper 
cycle.  Under  fair  operating  conditions  the  average 
time  required  for  turning  at  the  dump,  dumping  the 
load,  and  turning  again  at  the  shovel,  should  not  exceed 
a  total  of  one  minute,  and  under  adverse  conditions 
should  not  exceed  a  total  of  one  and  one-half  minutes. 

PRODUCTION,  OBTAINED  BY  LARGE  LOADS  RATHER  THAN  SPEED 

The  rate  of  travel  of  tractor  trains  is  only  a  little 
greater  than  that  of  teams — from  275  to  325  feet  per 
minute  under  favorable  conditions,  and  it  may  fall 
as  low  as  200  feet  per  minute  under  adverse  conditions. 
Because  of  this  low  speed  and  the  wide  distribution  of 
the  tractor  load  on  the  road,  the  cost  and  difficulty  of 
maintaining  a  satisfactory  roadway  is  seldom  as  great 
as^  is  found  necessary  for  the  successful  operation  of 
heavy  trucks.  Trucks  must  normally  obtain  then- 
production  by  maintaining  a  good  rate  of  speed — 8  to 
10  miles  an  hour — when  carrying  a  reasonable  load. 
The  tractor  train  obtains  its  production  by  taking  out 
a  large  load  at  a  low  hauling  speed  but  with  little  time 
loss  in  dumping  and  turning. 


Dependability  is,  of  course,  an  important  item  in 
selecting  hauling  equipment  and  is  particularly  so  in 
the  case  of  tractor  trains  as  many  outfits  use  only  two 
or  three  units  and  the  failure  of  one  will  reduce  the  out- 
put by  33  or  50  per  cent.  During  the  studies  few  delays 
were  noted  and  these  were  very  largely  chargeable  to 
carelessness  or  indifference  on  the  part  of  the  operators. 
From  extended  observation  it  is  believed  that  only 
high-grade  operators  should  be  employed  and  system- 
atic attention  should  be  given  to  maintaining  proper 
operation  practices  and  to  keeping  the  equipment  in 
first-class  condition. 

NUMBER   OF   HAULING   UNITS   USED   OF   GREAT  IMPORTANCE 

Use  of  a  proper  number  of  hauling  units  is  of  out- 
standing importance.  A  tractor  and  two  5-yard  wagons 
represents  quite  an  investment.  The  operating  cost 
per  train  is  also  high  and  is  made  up  approximately  as 
follows : 

Driver $7 

Depreciation 13 

Gasoline  and  oil 7 

Repairs 3 

Total 30 


Table  18. — Analysis  to  determine  the  most  economical  number  of  tractor  trains  for  use  on  a  given  job 


Davs  work 

Number  of  2-wagon  tractor  trains  ' 

Number  of  1-wagon  tractor  trains  2 

Quantities 

Haul 

at  full 
shovel  pro- 
duction 

Number 

required 

to  maintain 

full  shovel 

1 

2 

3 

Number 
required 

2 

3 

4 

5 

full  shovel 

production 

Days  requirec 

production 

Days  required 

Cubic  yards 

Feet 

14,400 

500 

20 

1.9 

38.0 

20.0 

20.0 

2.6 

26.1 

20.0 

20.0 

20.0 

10,800 

600 

15 

2.0 

30.0 

15.0 

15.0 

2.8 

21.2 

15.0 

15.0 

15.0 

7,200 

700 

10 

2.1 

21.  1 

10.6 

10.0 

3.1 

15.3 

10.2 

10.0 

10  0 

10, 800 

800 

15 

2.2 

33.3 

16.7 

15.0 

3.3 

24.6 

16.4 

15.0 

15.0 

5,760 

900 

8 

2.3 

18.7 

9.3 

8.0 

3.5 

14.0 

9.5 

8.0 

8.0 

7,200 

1,100 

10 

2.6 

25.6 

12.8 

10.0 

4.0 

19.7 

13.2 

10.0 

10.0 

10,800 

1,200 

15 

2.7 

40.0 

20.0 

15.0 

4.2 

31.2 

20.8 

15.6 

15.0 

Total                       66, 960 

93 

$105 

104.4 
$135 

93.0 

$165 

152.  1 
$129 

105.1 
$156 

93.6 
$183 

93.0 

$210 

21,284 

14,  094 

15, 345 

19,  621 

16, 396 

17, 129 

19,  530 

1  Tractors  drawing  two  5-cubic  yard  steel  wagons,  $30  per  day,  speed  300  feet  per  minute,  loading  time  6  minutes  per  train,  and  total  time  constant  8  minutes. 

2  Tractors  drawing  one  5-cubic  yard  steel  wagon,  $27  per  day,  speed  300  feet  per  minute,  loading  time  3  minutes,  total  time  constant  4'  2  minutes. 


Table   19. — Analysis  to  determine  the  most  economical  number  of  units  for  use  on  a  given  job  with  considerable  variation  in  haul  distance 


Days 

Number  of  2-wagon  tractor  trains  ' 

Number  of  1-wagon  tractor  traini 

2 

work  at 

Number 

2 

3 

4 

5 

6 

Number 

3 

4 

5 

6 

7 

8 

Quantities 

Haul 

full 
shovel 

required 
to  main- 

required 
to  main- 

produc- 

tain full 

tain  full 

tion 

shovel 
produc- 
tion 

Days  required 

shovel 
produc- 
tion 

Days  required 

Cubic  yards 

Feet 

7,200 

500 

10 

1.9 

10.0 

10.0 

10.0 

10.0 

10.0 

2.6 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

18, 720 

600 

26 

2.0 

26.0 

26.0 

26.0 

26.0 

26.0 

2.8 

26.0 

26.0 

26.0 

26.0 

26.0 

26.0 

14,400 

900 

20 

2.3 

23.3 

20.0 

20.0 

20.0 

20  0 

3.5 

23.3 

20.0 

20.0 

20.0 

20.0 

20.0 

10,800 

1,200 

15 

2.7 

20.0 

15.0 

15.0 

15.0 

15.0 

4.2 

20.8 

15.6 

15.0 

15.0 

15.0 

15.0 

5,760 

1,500 

8 

3.0 

12.0 

8.0 

8.0 

8.0 

8.0 

4.8 

12.9 

9.7 

8.0 

8.0 

8.0 

8.0 

10,  080 

1,800 

14 

3.3 

23.3 

15.6 

14.0 

14.0 

14.0 

5.5 

26.1 

19.3 

15.4 

14.0 

14.0 

14.0 

7,200 

2,400 

10 

4.0 

20.0 

13.3 

10.0 

10.0 

10.0 

6.8 

22.8 

17.1 

13.7 

11.4 

10.0 

10.0 

7,200 

3,000 

10 

4.7 

23.3 

15.6 

11.7 

10.0 

10.0 

8.1 

27.2 

20.4 

16.3 

13.6 

11.7 

10.2 

14,400 

4,000 

20 

5.8 

57.8 

38.5 

28.9 

23.1 

20.0 

10.4 

69.3 

51.9 

41.6 

34.6 

29.6 

26.0 

10,800 

4,600 

15 

6.4 

48.3 

32.2 

24.2 

19.3 

16.  1 

11.5 

58.6 

44.0 

35.2 

29.3 

25.1 

22.0 

Total,  106,560 

148 

264.0 
$135 

194.2 

$165 

167.8 
$195 

155.4 
$225 

149.1 

$255 

297.0 
$156 

234.0 

$183 

201.2 
$210 

181.9 
$237 

169.4 
$264 

161.2 

Cost  per  day. 

$291 

Total  cost  of  j( 

)b 

35,640 

32,043 

32, 721 

34, 965 

38, 021 

46, 332 

42,822 

42,  252 

43,110 

44, 722 

46, 909 

1  Tractor  to  draw  two  5-cubic  yard  steel  wagons,  $30  per  day,  speed  300  feet  per  minute,  loading  time  6  minutes,  total  time  constant  8  minutes. 
'  Tractors  drawing  one  5-cubic  yard  steel  wagon,  $27  per  day,  speed  300  feet  per  minute,  loading  time  3  minutes,  total  time  constant  i}4  minutes. 
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A  high  output  per  unit  is  necessary  to  justify  this 
expenditure.  Obviously,  the  minimum  hauling  equpi- 
ment  which  can  maintain  full  shovel  production  is  two 
trains.  Under  ordinary  conditions  two  trains  of  two 
wagons  each  should  be  able  to  maintain  full  production 
for  a  %-yard  shovel  up  to  a  haul  of  600  or  700  feet, 
depending  on  the  exact  rate  of  shovel  operation.  The 
minimum  cost  per  day  for  a  grading  outfit  provided 
with  this  equipment  is  about  $135  (shovel,  $50;  two 
trains,  $60;  dump,  $25).  At  a  haul  of  about  700  or 
800  feet  a  third  unit  will  be  needed,  and  if  there  is 
much  hauling  beyond  1,600  or  1,800  feet  a  fourth  train 
may  prove  desirable.  Tables  18  and  19  are  develop- 
ments of  the  same  data  as  those  given  previously  in 
connection  with  the  discussion  of  team  and  truck 
hauling.  They  show  how  the  total  cost  of  the  job  is 
affected  by  using  various  numbers  of  one-wagon  and 
two-wagon  tractor  trains.  It  will  be  noted  that  the 
use  of  one-wagon  trains  is  much  more  expensive  than 
two-wagon  trains  except  for  hauls  less  than  about  400 
feet.  Using  this  method  of  analysis  and  the  prices 
investigation  and  experience  indicate  for  the  particular 
job,  the  contractor  can  determine  within  reasonable 
limits  not  only  what  type  of  equipment  is  preferable 
but  also  the  number  of  units  which  will  prove  most 
economical  to  place  on  the  job. 

Where  two-wagon  trains  are  used,  each  additional 
hauling  unit  after  the  first  two  extends  the  limit  to 
which  full  shovel  production  can  be  maintained  con- 
siderably— under  favorable  operating  conditions  about 
900  feet — and  if  shovel  operation  is  slow  or  difficult  the 
distance  may  be  much  greater.  The  daily  operating 
cost  of  each  train  is  high  and  it  is  not  always  easy  to 
decide  just  when  an  additional  tram  would  prove 
economical.  Assume  that  two  tractor  trains  of  two 
wagons  each  can  maintain  full  shovel  production  up  to  a 
haul  of  600  feet,  and  that  three  trains  could  maintain 
full  production  up  to  a  haul  of  1,500  feet,  and  that  the 
daily  cost  of  operating  with  the  two  trains  is  $135  per 
day  and  that  the  additional  train  will  cost  $30  per  day. 
An  additional  unit  should  be  added  at  the  point  where 
increased  production  is  proportional  to  the  increased 
cost.  In  this  case  it  should  be  added  at  the  haul 
distance  corresponding  to  the  theoretical  train  require- 
ment, N,  as  determined  by  equating  the  cost  ratio  to 

135      2 
the   production   ratio,    r^  =-v>>   which  results  in  the 

value,  iV  =  2.44  trains.  The  additional  train  require- 
ment varies  from  0  to  1  over  a  distance  of  900  feet  and 
the  theoretical  requirement  of  0.44  of  a  train  will  be 
at  a  distance  of  396  feet.  The  additional  two-wagon 
tram  should  therefore  be  added  at  a  haul  of  approxi- 
mately 1,000  feet. 

Under  the  conditions  prevailing  on  the  jobs  given  in 
Tables  18  and  19  there  is  a  decided  advantage  in  using 
two-wagon  trains,  particularly  on  the  long-haul  job 
in  Table  19.  No  allowance  has  been  made  in  the 
examples  for  the  possible  saving  on  short  hauls  where 
a  portion  of  the  equipment  will  not  be  needed.  Some 
saving  is  possible  in  operating  expense,  even  though 
drivers  must  be  paid.  Where  horses  and  wagons  are 
used,  feeding  the  horses  and  the  drivers  when  work  is 
shut  down  generates  an  idle-time  cost  which  is  at  least 
half  of  the  operating  cost.  With  tractors  or  trucks 
the  machines  can  be  protected  to  avoid  depreciation 
costs;  there  is  no  charge  for  gasoline,  oil,  or  repairs 
and  the  driver  may  be  laid  off  if  the  shutdown  for  that 
unit  is  likely  to  be  long.  It  seems  to  be  practical  to 
carry  mechanical  hauling  equipment  much  more  nearly 


in  balance  with  the  maximum  length  of  haul  than  can 
be  done  where  teams  are  used. 

On  the  other  hand,  profits  are  seriously  affected  by 
using  more  tractors  than  are  actually  needed  at  any 
particular  time.  If  two  trains  can  haul  all  the  material 
the  shovel  can  dig  and  three  are  used,  then  the  daily 
cost  of  operation  is  raised  from  $135  to  $165.  If  full 
shovel  production  is  at  the  rate  of  720  cubic  yards  per 
day,  then  with  two  trains  working,  the  unit  cost  is 
18%  cents  per  cubic  yard,  while  with  three  trains 
working  it  will  be  22f^  cents  per  cubic  yard,  an  increase 
of  over  22  per  cent. 

The  use  of  too  few  hauling  units  may  affect  profits 
even  more  than  the  use  of  too  many.  In  the  case 
given  in  Table  18  the  most  advantageous  number  of_ 
two-wagon  trains  is  two.  The  use  of  only  one  train*  - 
would  increase  the  cost  of  the  job  nearly  $7,200,  and 
the  use  of  one  train  more  than  the  proper  number 
would  increase  the  cost  about  $1,250.  With  one- 
wagon  trains,  three  is  the  most  advantageous  number, 
and  if  either  two  or  four  are  used  the  cost  is  increased 
$3,225  and  $733,  respectively. 

The  advisability  of  laying  off  surplus  units  at  any 
time  depends  entirely  on  the  frequency  with  which 
haul  distances  fluctuate.  Opportunities  will  exist  to 
a  considerable  degree  on  some  jobs,  while  on  others 
they  will  be  entirely  absent.  In  making  the  calculations 
for  any  particular  job  these  facts  should  be  kept  in 
mind  and  all  possibilities  utilized.  On  some  of  the  jobs 
studied  where  two-wagon  trains  were  used,  the  trains 
were  reduced  to  one-wagon  on  the  shorter  hauls.  The 
net  operating  cost  remained  nearly  as  high  as  before. 

NOT  ADVISABLE  TO  WORK  WITH  TRACTOR  TRAINS  WHEN  WEATHER 
CONDITIONS    REDUCE    PRODUCTION    MUCH    BELOW    NORMAL 

Where  tractor  trains  are  used  for  hauling,  the  direct 
cost  of  keeping  the  outfit  idle  is  so  low  that  there  is  more 
danger  of  operating  too  soon  after  rain  than  there  is  of 
delaying  too  long.  When  idle  the  tractor  trains  as 
well  as  the  shovel  generate  practically  no  cost  except 
interest  which  is  a  relatively  small  factor  as  compared 
with  the  total  daily  operating  cost.  When  working, 
each  train  costs  about  $30  a  day.  Full-time  men  about 
the  shovel  and  general  job  overhead  generate  a  cost  not 
far  from  $40  a  day.  If  three  trains  are  normally 
required  in  order  to  maintain  production,  the  daily 
cost  of  operating  is  about  $165.  Under  such  conditions 
(providing  no  penalties  are  involved)  a  yardage  of  nearly 
three-fourths  of  that  required  to  pay  the  cost  of  normal 
production  is  necessary  in  order  to  justify  working  at  all. 

There  is  no  great  danger  that  working  too  soon  after 
rains  will  create  road  conditions  likely  to  interfere  with 
the  work  for  some  days.  Road  conditions  must  be 
such  that  they  would  be  considered  bad  for  most  types 
of  hauling  equipment  before  the  rate  of  operation  of 
tractor  trains  is  much  affected.  How  soon  work  shall 
begin  after  a  storm  is,  in  general,  dependent  on  the 
conditions  at  the  dump  and  at  the  shovel  rather  than 
on  the  condition  of  the  roadway.  The  fact  that  this 
type  of  hauling  equipment  can  operate  successfully 
where  hauling  conditions  are  below  normal  does  not 
mean  that  attention  to  the  roadwray  can  safely  be 
neglected.  The  increased  cost  of  fuel  and  the  wear 
and  tear  on  the  equipment  on  a  bad  road  is  naturally 
much  greater  than  on  a  good  road.  If  the  job  is  to  be 
made  to  yield  a  satisfactory  profit,  high-grade  manage- 
ment is  perhaps  even  more  necessary  where  tractors 
and  heavy  wagons  are  employed  than  where  ordinary 
team  hauling  is  used. 
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REPORT  ON  CONNECTICUT  AVENUE  EXPERIMENTAL 

ROAD 

A   DISCUSSION   OF   CONSTRUCTION   AND    MAINTENANCE    METHODS   AND   PRESENT    CONDITION    OF 

VARIOUS  TYPES  OF  SURFACE  LAID  IN  191 1,  1912,  AND  1913 


By  the  Division  of  Tests,  United  States  Bureau  of  Public  Roads 


THE  Connecticut  Avenue  experimental  road  extend- 
ing from  Chevy  Chase  Circle  to  Chevy  Chase  Lake 
in  Montgomery  County,  Md.,  was  constructed  as 
two  separate  projects  by  the  Bureau  of  Public  Roads 
during  the  years  1911,  1912,  and  1913.  These  two 
projects  included  a  number  of  different  types  of  con- 
struction which  have  since  been  subjected  to  a  very 
heavy  traffic  and  which  have  been  maintained  by  the 
bureau.  The  behavior  of  each  section  has  been  closely 
observed  and  the  cost  of  maintenance  carefully  re- 
corded. This  report  summarizes  the  methods  of  con- 
struction employed  on  the  16  experimental  sections,1 
their  present  condition,  and  the  yearly  cost  of  pre- 
serving their  surfaces  in  serviceable  condition. 

The  dividing  line  between  the  two  groups  of  experi- 
ments is  at  Bradley  Lane  (fig.  1),  the  sections  lying  south  of 
this  intersecting  road  having  been  constructed  as  water- 
bound  macadam  with  subsequent  bituminous  surface 
treatments  or  as  bituminous  macadam.  The  experi- 
ments north  of  Bradley  Lane  are  characterized  by  use 
of  Portland  cement  concrete  as  a  wearing  surface  and  as 
a  foundation  for  bituminous  and  vitrified  brick  surfaces. 

Figure  1  shows  the  location,  grade,  and  nature  of 
the  experimental  sections.  As  indicated,  a  double- 
track  street  railway  divides  the  thoroughfare.  At  the 
time  of  construction  the  east  side  of  Connecticut 
Avenue  was  not  improved  north  of  Bradley  Lane, 
consequently  the  north  experimental  sections  were 
subjected  to  traffic  traveling  in  both  directions,  whereas, 
those  lying  south  of  Bradley  Lane  have  carried  only 
one-way  traffic.  In  1924,  with  the  extension  of  the 
pavement  on  the  east  side  from  Bradley  Lane  to  Wood- 
bine Street,  experiments  1,  2,  and  most  of  3  of  the  north 
group  were  relieved  of  the  northbound  traffic.  How- 
ever, the  remainder  of  experiment  3  and  all  of  experi- 
ments 4,  5,  and  6  still  carry  traffic  in  both  directions. 

Traffic  counts  were  made  periodically  from  the  time 
of  construction  up  to  the  end  of  1921  on  the  sections 
south  of  Bradley  Lane  and  up  to  the  end  of  1922  on 
the  sections  north  of  Bradley  Lane.  Observers  were 
on  duty  for  the  full  24  hours  of  each  thirteenth  day, 
thus  obtaining  28  counts,  one  of  which  was  made  on 
each  day  of  the  week  four  times  during  the  year. 
From  these  data  the  average  number  of  vehicles  per 
day  was  obtained.  Traffic  counts  were  made  again  in 
1927  and  showed  a  tremendous  increase  in  traffic  over 
all  the  sections.  This  was  found  to  be  true  also  of 
those  sections  between  Bradley  Lane  and  Woodbine 
Street,  in  spite  of  the  fact  that  they  have  been  relieved 
of  the  northbound  traffic. 

The  car-track  area  occupying  the  center  of  the  street 
has  never  been  paved  with  an  impervious  surface  and 
has  provided  a  means  for  water  to  gain  entrance  to 
the  subgrade.  Surface  drainage  afforded  by  the  narrow 
cobble  gutters  on  the  sections  south  of  Bradley  Lane 
has  not  been  entirely  satisfactory.     Automobiles  fre- 

1  Reports  describing  the  construction  and  behavior  of  these  experiments  aie  in- 
eluded  in  Circulars  98  and  99,  Office  of  Public  Roads,  U.  S.  Department  of  Agricul- 
ture Bulletins  105,  257,  407,  and  586  and  U.  S.  Department  of  Agriculture  Circular  77. 

101304—28 1 


Steps  in  Construction  and  Finished  Pavement  of  Pene- 
tration Macadam,  Experiment  3 

quently  park  with  their  wheels  in  the  gutter  and  in 
some  places  the  gutters  are  no  longer  at  grade.  The 
street  is  narrow  for  the  traffic  which  it  carries  and 
without  adequate  side  support  for  the  road.  Conse- 
quently the  edges  of  the  bituminous-treated  surfaces 
present  a  rather  ragged  appearance. 
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BITUMINOUS  MACADAM  EXPERIMENTS  DESCRIBED 

The  first  experiments  constructed  on  Connecticut 
Avenue  were  seven  bituminous  macadam  sections  of 
the  penetration  type  built  in  1911.  Table  1  shows  the 
extent  of  these  sections  and  the  nature  of  the  bitumi- 
nous materials  entering  into  their  construction.  The 
characteristics  of  the  bituminous  materials,  as  indicated 
by  laboratory  tests,  are  shown  in  Table  2;  and  the 
quantity ^of  application  at  the  time  of  construction  and 
in  subsequent  re  treatments  is  shown  in  Table  3. 

In  preparation  for  the  bituminous  wearing  course, 
the  existing  waterbound  macadam  was  scarified,  re- 
shaped, and  sufficient  crushed  limestone  added  to  give 
a  compacted  foundation  course  hx/i  inches  thick.  The 
improved  roadway  was  approximately  19  feet  wide. 
Originally  the  2-foot  strips  adjacent  to  the  street-car 
rails  were  left  as  waterbound  macadam.     About  two 


years  later  those  were  scarified  and  treated  with  bitu- 
minous material  by  the  street  railway  company,  and 
subsequent  surface  treatments  by  the  bureau  flowed 
over  them.  A  cobblestone  gutter  was  constructed  at 
the  outer  edge  of  the  new  pavement  and,  as  required, 
French  drains  2J^  feet  deep  were  installed  under  the 
gutters  and  next  to  the  tracks,  and  some  herringbone 
drains  were  laid  under  experiment  6. 

The  work  was  done  in  the  fall  of  the  year  and  condi- 
tions were  unfavorable  for  bituminous  construction. 
Much  of  the  penetration  work  was  done  when  the 
average  air  temperature  was  45°  to  50°  F.  In  virtu- 
ally all  cases  the  stone  chips  and  screenings  were  dried 
and  heated  before  they  were  used.  All  of  the  bitu- 
minous binders  were  distributed  by  means  of  hand 
pouring  cans,  except  on  experiments  1  and  2,  where 
the  hand-operated  pressure-nozzle  method  was  used. 


EXPERIMENTS  SOUTH  OF  BRADLEY  LANE 


EXPERIMENTS  NORTH  OF  BRADLEY  LANE 

Fig.  1. — Location  of  Various  Experimental  Sections.     The  Grades  are  Approximately  the  Same  on  Both  Sides 

of  the  Tracks  and  Those  Descending  Toward  the  North  are  Shown  as  Negative 
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EXPERIMENT-I 


EXPERlMENT-2 


EXPERIMENT-3 


EXPERIMENT-4 


EXPERIMENT-5 


EXPERIMENT-6 


Condition  of  Surface-treated  Sections  in  1928 


In  some  cases  the  construction  procedure  was  varied 
slightly  as  will  be  noted  from  the  following  descriptions 
of  the  several  sections: 

Experiment  No.  1. — The  wearing  course  consisted  of 
limestone,  graded  in  size  from  3  inches  to  1  inch,  laid 
to  a  depth  of  3  inches  loose  measurement,  and  rolled 
lightly.  Heated  coal  tar  was  then  applied  at  the  rate 
of  1.8  gallons  per  square  yard,  covered  with  screenings 
(three-fourths-inch  to  dust)  and  thoroughly  rolled. 
After  the  excess  screenings  had  been  swept  from  the 
surface,  a  seal  coat  of  tar  was  applied  at  the  rate  of  0.8 
gallon  per  square  yard,  covered  with  screenings  and  the 
road  completed  by  rolling. 

The  seal  coat  of  this  section  wore  off*  rather  rapidly 
and  was  replaced  by  an  application  of  crude  coal  tar  in 


1914.  Following  this  treatment  no  more  than  normal 
wear  took  place.  Some  waviness  developed  adjacent 
to  the  gutter  and  occasional  patching  was  required, 
but  in  general  the  appearance  remained  that  of  a  uni- 
form, well-bonded  mosaic  surface.  In  1918  this  sec- 
tion was  given  a  surface  treatment  of  0.19  gallon  of  re- 
fined coal  tar  with  a  covering  of  J/2-inch  stone  chips. 
A  similar  treatment  consisting  of  0.337  gallon  of  refined 
coal  tar  and  sand  was  applied  in  1924.  This  is  the 
only  section  of  this  group  of  experiments  which  has 
required  a  surface  treatment  since  1918. 

As  this  section  is  located  on  a  curve,  the  more  severe 
scouring  action  of  traffic  is  probably  the  cause  of  the 
need  for  the  additional  maintenance  treatment.  At  the 
present  time  this  later  treatment  has  worn  off  in  the 
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traveled  area  and  some  pitting  and  wear  of  the  coarse 
stone  is  noticeable. 

Experiment  No.  2. — This  section  was  constructed  as  a 
modification  of  the  Glad  well  method.  A  1 -inch  cushion 
of  sand  was  spread  evenly  over  the  foundation  and 
given  an  application  of  1.18  gallons  per  square  yard  of 
light  refined  coal  tar.  After  the  tar  had  been  absorbed 
by  the  sand  a  layer  of  limestone  (3  inches  to  1  inch) 
was  spread  to  a  depth  of  3  inches  and  thoroughly  rolled. 
The  surface  was  completed  as  in  the  case  of  experiment 
No.  1,  using  1.95  gallons  and  1.02  gallons  per  square 
yard  of  heavy  refined  coal  tar  for  the  penetration  and 
seal  applications,  respectively. 

The  surface  showed  a  tendency  to  bleed  and  the  non- 
uniform application  of  chips  made  to  correct  this  con- 
dition resulted  in  some  surface  irregularities.  The 
surface  was  resealed  in  1918,  but  no  general  treatment 
has  been  applied  since  that  time.  Next  to  the  car 
tracks  the  unprotected  edge  has  been  broken  by  traffic 
and  presents  a  ragged  appearance.  Some  pitting  of 
the  aggregate  has  occurred,  but  the  surface  in  general 
is  in  very  good  condition. 

Experiment  No.  S. — This  section  differed  somewhat 
from  experiment  No.  1  in  details  of  construction. 
Limestone  from  2  inches  to  1  inch  was  used  in  the  sur- 
face course  and  was  thoroughly  compacted  before  the 
bitumen  was  poured.  Clean  chips,  three-fourths  to 
one-fourth  inch  in  size  were  used  both  after  the  pene- 
tration and  seal-coat  applications.     The  initial  pouring 


of  fluxed  native  asphalt  was  at  the  rate  of  1.46  gallons 
per  square  yard.  One-half  gallon  per  square  yard  was 
used  for  the  seal  coat.  A  shortage  of  material  neces- 
sitated using  a  refined  semiasphaltic  oil  on  a  small  area. 

During  the  early  period  of  its  life,  this  experiment 
developed  the  appearance  of  a  sheet-asphalt  pavement. 
Later,  as  the  seal  coat  wore  uniformly,  as  mosaic  sur- 
face was  presented.  It  was  conspicuous  for  its  uniform 
cross  section  and  it  is  still  the  smoothest  of  the  bitumi- 
nous macadam  sections.  A  seal-coat  treatment  of 
refined  asphaltic  petroleum  and  J^-inch  stone  chips 
was  applied  in  1918.  Throughout  its  life  maintenance 
costs  on  this  section  have  been  lower  than  on  any  other 
section  of  this  series. 

Experiment  No.  4- — This  section  was  constructed  of 
2-inch  to  1-inch  limestone,  spread  to  a  depth  of  3 
inches  and  lightly  rolled.-  The  first  application  of 
asphalt  was  at  the  rate  of  1.65  gallons  per  square  yard, 
and  the  second  at  the  rate  of  0.55  gallon  per  square 
yard.  A  light  covering  of  stone  chips  was  spread  after 
the  first  application  while  after  the  second  application, 
screenings  from  three-fourths  inch  to  dust  were  used 
on  a  part  of  this  section  and  clean  chips  on  the  remain- 
der. The  surface  was  completed  by  rolling  with  a 
3-ton  roller. 

This  section  lies  at  a  low  point  in  the  grade  and  drains 
experiments  3,  5,  and  6  on  the  west  side.  The  placing 
of  the  asphalt  binder  course  was  completed  late  in  the 
evening,  and  rolling  and  pouring  of  the  seal  coat  was 
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Water-gas  tar  preparation. 

Asphaltic  petroleum 

Residual  petroleum 

Native  asphalt  emulsion . . 


0.54 
.53 
.79 

3.32 

'  39.  59 
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EXPERIMENTS  NORTH  OF  BRADLEY  CANE,  BUILT  IN  1912 

1 

635 
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1,840 

771 

1,339 
980 

1,498 
1,400 

4,178 

1,744 

3,013 
2,055 

Bituminous  concrete  (Topeka  specification)  2  inches  thick  on 
6-inch  1  :  3  :  7  cement  concrete .     

186. 62 

195. 65 

154.95 

150.25 
142.  29 

258.  21 
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.26 

.06 

1.05 
.68 

.02 

2 

Bituminous  concrete   (District  of  Columbia  specifications)   2 
inches  thick,  on  6-inch  1:3:7  cement  concrete  and  seal  coat 
of  0.51  gallon  fluxed  native  asphalt. 

0.29 

.03 

.12 
.07 

.06 

7.81 

0.25 
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Cement  and  oil-cement  concrete  as  in  experiment  No.  2,  surface 
treated  with  various  types  of  bituminous  materials 

.29 

4 

Oil-cement  concrete,  1  :  \%/i  :  3  and  5  pints  residual  petroleum 
per  bag  of  cement 

1.02 

5 

Cement  concrete,  1  :  \%  :  3 



.28 

6 

Vitrified  brick,  with  base  as  in  experiment  Nos.  1  and  2,  2-inch 
sand  cushion  grouted  with  1  :  1  sand-cement.. 

.08 

1  Some  of  the  sections  were  of  varying  widths. 


2  Includes  cost  of  wearing  course. 
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postponed.  That  night  there  was  an  extremely  heavy 
rain,  and  water  drained  from  experiments  3,  5,  and  6 
came  up  through  the  stone  of  experiment  4,  so  that  it 
was  necessary  to  tear  out  the  cobble  gutter  at  a  number 
of  places  to  drain  the  subgrade.  About  a  week  later 
an  effort  to  resume  work  on  the  section  was  discon- 
tinued because  the  subgrade  was  still  wet  and  soft, 
and  it  was  not  until  some  time  later  that  the  laying 
of  the  surface  could  be  completed. 

This  surface  gave  early  evidence  of  requiring  repairs, 
but  bleeding,  which  began  with  the  advent  of  warm 
weather,  caused  the  surface  to  seal  itself.  Some  depres- 
sions occurred  along  the  west  edge  and  waviness  and 
lack  of  stability  in  the  surface  were  more  apparent  on 
that  portion  on  which  screenings  containing  dust  were 
used  in  covering  the  original  seal  coat.  In  1918  a  sur- 
face treatment  was  applied  consisting  of  0.305  gallon 
per  square  yard  of  oil  asphalt  and  a  ^-inch  stone  cover. 
At  the  present  time  the  section  is  in  good  condition,  but 
in  general  the  surface  has  worn  more  unevenly  and  has 
developed  more  waviness  than  that  of  experiment  3. 

Experiment  No.  5. — -This  is  a  divided  section  located 
on  both  sides  of  the  car  tracks.  The  stone  of  the  wear- 
ing course,  which  was  the  same  as  that  used  in  experi- 
ment 3,  was  thoroughly  compacted  before  the  applica- 
tion of  the  binder.  The  first  application  consisted  of 
oil  asphalt  applied  hot  at  the  rate  of  1.69  gallons  per 
square  yard.  Chips  _ from  three-fourths  to  one-half 
inch  in  size  were  then'spread  sparingly  and  the  surface 


thoroughly  rolled.  The  second  application  consisted 
of  0.56  gallon  per  square  yard  of  the  same  material  and  a 
covering  of  stone  three-fourths  to  one-fourth  inch.  The 
surface  was  then  rolled  until  firm  and  smooth. 

During  the  first  few  years  after  construction  this 
section  required  considerable  maintenance  due  to  unsat- 
isfactory subgrade  conditions.  Weak  places  as  they 
appeared  were  dug  out  and  patched.  With  the  gradual 
elimination  of  these  weak  places  the  condition  of  the 
section  has  been  materially  improved  and  the  cost  of 
maintenance  decreased.  In  1918  a  light  surface  treat- 
ment consisting  of  0.227  gallon  per  square  yard  of  hot 
asphalt  and  J^-inch  stone  was  applied.  The  surface  at 
the  present  time  is  unbroken  and  in  good  condition 
except  for  some  waviness. 

Experiment  No.  6.— This  section  also  is  located  on 
boththe  east  and  west  sides  of  the  car  tracks.  The 
wearing  course  consisted  of  3-inch  to  1-inch  limestone 
spread  to  a  loose  depth  of  ZlA  inches.  After  a  thorough 
rolling,  the  first  application  of  asphalt  was  made  at  the 
rate  of  1 .56  gallons  per  square  yard.  This  was  covered 
with  clean  stone  chips,  three-fourths  to  one-half  inch  in 
size,  the  excess  of  which  was  swept  off  after  rolling. 
The  second  application  of  0.53  gallon  per  square  yard 
of  a  harder  grade  of  the  same  material  was  then  made, 
covered  with  stone  chips,  and  rolled. 

Herringbone  drains  were  laid  on  the  west  side  of  this 
section.  Their  installation,  however,  was  apparently 
not  entirely  effective.     Subgrade  conditions  were  simi- 
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side  of  the  experiment  has  continued  generally  better 
than  the  west  side.  Its  present  condition  is  similar  to 
that  of  experiment  5. 

Experiment  No.  7 . — This  experiment  was  located  en- 
tirely on  the  east  side  of  the  car  tracks  and  comprises 
two  tests  designated  as  sections  A  and  B.  Section  A 
was  constructed  with  two  applications  of  bitumen  as 
in  the  other  bituminous  macadams  of  this  group,  but 
in  section  B  the  second  treatment  was  omitted.  The 
asphalt  used  was  of  a  considerably  harder  grade  than 
that  used  in  other  experiments. 


Hand  Pouring  the  Seal  Coat  on  One  of  the  Penetra- 
tion Macadam  Sections 

lar  to  those  of  the  adjoining  experiment  5,  necessitatiir; 
similar  maintenance  treatment.  The  extensive  early 
repairs  gradually  eliminated  the  weak  places  and,  as  in 
experiment  5,  lowered  the  maintenance  costs  during 
later  years.  The  north  end  of  this  section  on  the  west 
side  is  so  located  that  it  was  subjected  to  much  more 
traffic  up  to  the  year  1924  than  the  other  sections. 
The  highway  up  to  that  time  was  not  improved  be- 
yond Bradley  Lane  on  the  east  side,  and  north  and 
west-bound  traffic  therefore  crossed  the  tracks  at  this 
point  to  remain  on  pavement.  During  1918  it  was 
deemed  desirable  to  smooth  and  seal  the  surface  by 
adding  a  surface  treatment  of  0.293  gallon  per  square 
yard  of  hot  asphalt  and  one-half  inch  stone.     The  east 


. 


&.*       ■   -.    ■  ■■.-•.■_ 


Hot  Application  of  Heavy  Oil  on  a  Penetration  Mac- 
adam Section 


Table  2. — Analyses  of  bituminous  materials  used  in  original  construction  of  the  experiments  south  of  Bradley  Lane 


Experiment  number.. 

1  and  2 

2 

3 

4 

5 

6 

7 

8 

9 

10 

. 

11 

Material 

Coal  tar, 
refined 

Coal  tar 
refined 
(light) 

Fluxed 
native 
asphalt 

Gilsonite 

oil 
asphalt 

Oil 
asphalt 

Oil 

asphalt 

Oil 
asphalt 

Refined 
water-gas 
tar  prep- 
aration 

Asphaltic 
petro- 
leum 1 

Residual 
petro- 
leum 2 
1912 

Asphaltic 
petro- 
leum 
1914 

Native 
asphaltic 
emulsion 

Specific  gravity  25725°  C _ 

1.258 

1.219 

1.058 

0.974 

0.999 

0.989 

0.973 

1.113 

0.949 

0.976 
13.1 

0.964 

1  038 

Specific  viscosity.  Engler: 

1.  100°  C,  100  cc. 

2.     50°  C,  50cc 

15.5 

3.     25°  C,  50  cc. 

118 

113.3 

Float  test: 

1.  50  °  C,  seconds 

150 

2.  32°  C,  seconds 

47 

205 

1 

Flash  point,  °C 

37 
68 

40 

85 

Burning  point,  °C 

Melting  point,  °C 

46 

128 

2.14 

52 

146 

0.87 

74 

73 

0.05 

47 

94 

0.68 

90 

55 

0.44 

Penetration,  25°  C,  100  g.,  5  seconds 

Per  cent  loss,  163°  C,  5  hrs.,  20  g_. 

27.10 
16.71 

.13 

26.46 

3  3.35 

Per  cent  loss,  105°  C,  5  hrs.,  20  g. 

52.  54 

Penetration  on  residue  ..     

«56 

5  99 

«65 

<79 

'50 

8  195 

Float  test  on  residue,  50°  C,  seconds 

«  100 
«  32 
99.88 
0.08 
0.04 
9.10 
4.91 
Water 

81 
226 
99.92 
0.06 
0.02 
7.43 
5.04 

>  72' 

Float  test  on  residue,  32°  C,  seconds... 

229 
99.74 
0.23 
0.03 
9.93 
7.67 

Per  centage  soluble  in  CS2 

94.51 
1.00 
4.49 
20.78 
10.64 

99.81 
0.12 
0.07 

21.13 

7.79 

99.46 
0.50 
0.04 
24.68 
13.53 

99.59 
0.28 
0.13 

20.10 
8.36 

99.82 
0.15 
0.03 
26.20 
10.15 

36.  30 

Percentage  organic  insoluble 

1.10 

Percentage  inorganic  insoluble 

3.30 

Bitumen  insoluble  in  86°  B.  naphtha 

Fixed  carbon,  per  cent 

Free  carbon,  per  cent 

29.60 

23.35 

3.04 

49.  50 

Ammoni 
Fatty  an 

.35 
9.45 

Distillation,  percentage  by  weight: 

0 

10.2 

>o.6 

»  10.  2 

"7.5 

'6  81.4 

1.0 

».7 

12.5 

»  16.  8 

»6.5 

«  74. 3 

4i 

0 

0 

11.6 

"24.8 

"9.7 

1?  64. 9 

i  resin  ack 

Is . 

Water 

Up  to  110°  C..._ 

110  to  170°  C 

170  to  270°  C 

270  to  315°  C... 

Residue 

Total 

99.9 

99.8 

100.0 

. 

1  Fairly  thin  fluid  with  strong  naphtha  odor. 

2  Viscous,  sticky  fluid. 

*  Loss  in  addition  to  loss  at  105°  C. 

*  Sticky,  glossy  surface. 

•  Mottled  surface. 

•  Sticky,  slightly  mottled  surface. 
'  Hard,  fairly  lustrous. 

1  Residue  from  percentage  loss  test  at  105°  C. 
'  Residue  from  percentage  loss  test  at  163°  C. 


1°  Solid. 

"  Clear. 

»  Turbid. 

'3  One-third  solid. 

"  Two-thirds  solid. 

>s  One-sixth  solid. 

16  Hard,  dull,  brittle. 

17  Sticky,  semisolid, 
dimethy.  sulphate. 


A  350-375°    C.  fraction  showed  7.5   per  cent  insoluble  in 
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Stone  ranging  in  size  from  23^  inches  to  1  inch  was 
spread  to  an  uncompleted  depth  of  3^  inches.  The 
first  application  of  bitumen  was  made  at  the  rate  of 
1.6G  gallons  per  square  yard  for  the  two-coat  test  and 
was  followed  by  0.6  gallon  per  square  yard,  chips  being 
spread  sparingly  following  each  application. 

In  the  case  of  the  single-application  experiment 
stone  chips  1  inch  to  one-half  inch  were  spread  over 
the  coarser  stone  layer  after  it  had  been  thoroughly 
compacted.  The  hot  oil  asphalt  was  then  applied  at 
the  rate  of  1.8G  gallons  per  square  yard,  covered  with 
chips,  and  rolled. 

Within  a  year  after  construction  the  binder  appeared 
to  be  lifeless.  It  was  considered  also  that  the  asphalt 
used  was  too  hard  and  had  a  melting  point  too  high 
for  this  type  of  construction.  A  number  of  worn 
depressions  occurred  in  both  sections  A  and  B,  although 
to  a  much  greater  extent  in  the  single-application  area. 
These  defects  were  repaired  and  a  surface  treatment  of 
0.29  gallon  of  cold  asphaltic  oil  and  one-half  inch  stone 
was  applied  to  the  patches  on  section  A  and  to  the 
whole  of  section  B.  This  treatment  undoubtedly 
saved  section  B  from  total  failure. 


From  1912  on,  with  the  exception  of  the  year  1915, 
this  section  required  only  light  repairs  up  to  1918  at 
which  time  it  received  a  surface  treatment  of  0.29 
gallon  of  hot  asphalt  and  J/^-inch  stone. 

Subsequently  section  A  required  considerable  patch- 
ing and  section  B  developed  many  short  irregular  waves. 
These  waves  have  not,  however,  developed  serious 
roughness  although  considerable  cracking  has  occurred 
on  a  3-foot  strip  adjacent  to  the  car  tracks.  At  the 
present  time  the  appearance  and  condition  of  this  sec- 
tion compares  favorably  with  the  other  experiments  of 
this  group,  although  the  maintenance  costs  for  the  past 
few  years  have  been  somewhat  higher  than  the  average. 

BITUMINOUS  MACADAM  IN  GOOD  CONDITION  AFTER  16  YEARS 

Approximately  16  years  have  elapsed  since  these  ex- 
periments were  constructed.  During  this  period  they 
have  carried  very  severe  traffic  and  in  their  broken 
edges  and  repaired  local  failures  they  show  the  effect 
of  the  stresses  to  which  they  have  been  subjected. 
Nevertheless,  all  are  still  in  serviceable  condition  and, 
with  continued  careful  maintenance,  should  not  require 
reconstruction  for  some  years  to  come. 


Table  3.— Gallons  of  material  per  square  yard  and  type  of  material  used  in  the  construction  and  retreatment  of  the  experiments  south  of 

Bradley  Lane 


Exper- 

Year 

No. 

1911 

1912 

1913 

1914 

1915 

1916 

1917 

1918 

1  . 

Construction,  2.59 

0.316   coal   tar, 
crude.' 

0.190  coal  tar,  re- 

2 

coal  tar,  refined. 

Construction,  4.15 
coal  tar,  refined. 

Construction,  1.96 
fluxed  native  as- 
phalt. 

Construction,  2.20 
Gilsonite  oil  as- 
phalt. 

Construction,  2.25 
oil  asphalt. 

Construction,  2.09 
oil  asphalt. 

Construction,  2.26 
and  1.86  oil  as- 
phalt. 

-     - 

fined.2 
0.255  coal   tar,   re- 

3 

fined.' 
0.299    residual    as- 

4 

phaltic     petrole- 
um.2 
0.305    residual    as- 

5 

phaltic    petro- 
leum.2 
0.227    residual    as- 

6 

phaltic    petro- 
leum.2 
0.293    residual    as- 

0.290 residual  as- 
phaltic     petro- 
leum.2 

Construction, 0.540 
water-gas     tar 
preparation. 

Construction, 0.530 
asphalt     petro- 
leum. 

Construction,0.790 
residual    petro- 
leum. 

Construction,  3.32 
native    asphalt 
emulsion. 

phaltic    petro- 
leum.2 
0.290    residual    as- 

8 

0.250  water-gas  tar, 
refined.* 

0.204  asphaltic  pe- 
troleum.5 

0.149  -water-gas  taV, 
preparation.5 

0.289  asphaltic  pe- 
troleum.5 

0.299  asphaltic  pe- 
troleum.5 

0.156  water-gas  tar, 

phaltic    petro- 
leum.2 

9 

0.209  asphaltic  pe- 
troleum.5 

Reconstruction 
0.476  asphalt  pe- 
troleum.5 

0.197  asphaltic  pe- 
troleum.5 

0.172  asphaltic  pe- 
troleum.5 

preparation.5 
0.213  asphaltic  pe-     0.204  asphaltic  pe- 

10 

troleum.5                  troleum.5 
0.172  asphaltic  pe-     0.178  asphaltic  pe- 

11 

troleum.5 

troleum.5 
0.225  asphaltic  pe- 

troleum.5 

Exper- 

Year 

iment 

No. 

1919                             1920 

1921 

1922 

1923 

1924 

1925 

1926 

0.337  coal  tar,  re- 
fined.5 

g 

0.339  water-gas  tar 
preparation.5 

0.140  asphaltic  pe- 
troleum.5 

0.140  asphaltic  pe- 
troleum.5 

0.348  coal  tar  prep- 
aration.3 

9_ 

10...... 

0.118  asphaltic  pe- 
troleum.5 

0.069  asphaltic  pe- 
troleum.5 

0.133  asphaltic  pe- 
troleum.5 

0.453  asphaltic  pe- 
troleum.5 

0.449  asphaltic  pe- 
troleum.5 

aration.5 



0.132  asphaltic  pe- 
troleum.3 

1  %-ineh  gravel  cover  material. 
'■  H-iuch  stone  cover  material. 


Sand  cover  material. 

1-inch  screenings  cover  material. 


i  Torpedo  sand  cover  material. 
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CONSTRUCTION  OF  SURFACE-TREATED  SECTIONS  DESCRIBED 

Late  in  the  year  1911  an  8-inch  limestone  water- 
bound  macadam  road  was  constructed  for  a  distance  of 
approximately  1,700  feet  on  the  east  side  of  Connecticut 
Avenue,  beginning  at  the  District  line  at  Chevy  Chase 
Circle.  Cobblestone  glitters  were  constructed  along 
the  east  edge  and  drainage  installations  made  as  re- 
quired. After  being  exposed  to  traffic  for  several 
months  this  highway  was  divided  into  sections  for  sur- 
face treatment  with  bituminous  materials.  These  ex- 
periments are  listed  in  Table  1 .  Laboratory  tests  of  the 
bituminous  materials  used  in  the  original  applications 
are  shown  in  Table  2. 


Applying  Bituminous  Material  f 


surface  Treatment 


Experiment  No.  8. — Surface  treatment  was  applied 
under  favorable  weather  conditions  in  August,  1912. 
The  cold  water-gas  tar  preparation  was  applied  by 
means  of  an  automobile  distributor  at  the  rate  of  0.54 
gallon  per  square  yard  after  sweeping  the  bonded 
macadam  surface.  Several  hours  were  allowed  for  the 
tar  to  penetrate  into  the  road  before  the  cover  material 
of  limestone,  1  inch  to  one-half  inch  in  size,  was  spread 
at  the  rate  of  1  cubic  yard  to  72  square  yards  of  surface. 

Under  traffic  the  tar  mat  wore  away  rapidly,  but  it 
had  penetrated  well  into  the  macadam  surface  and 
effectively  bonded  the  upper  layer  of  the  stone.  A  year 
after  construction  several  holes  were  patched  and  the 
whole  section  was  given  a  surface  treatment  of  0.25 
gallon  of  the  same  type  of  tar  as  used  in  the  original 
treatment  and  a  cover  of  1-inch  screenings.  In  1915 
the  surface  mat  showed  some  signs  of  instability.  Six 
retreatments  have  been  required  during  the  period 
between  1912  and  1926,  the  first  four  using  a  water-gas 
tar  preparation  similar  to  that  constituting  the  original 
application.  A  cold-application  coal-tar  preparation 
was  employed  in  the  retreatments  of  1924  and  1926. 
Torpedo  sand  was  used  as  the  mineral  cover  in  all  of  the 
retreatments  except  in  those  of  1913  and  1924  when  1 -inch 
screenings  and  sand  were  used,  respectively.  In  August, 
1927,  this  section  presented  a  smooth  fine-textured 
surface.  In  numerous  small  spots  the  last  application 
of  tar  has  picked  up,  revealing  the  underlying  treat- 
ment. Indications  of  instability  were  very  slight. 
This  experiment  at  present  is  in  better  condition  than 
the  other  surface-treated  macadam  sections  which, 
however,  have  not  received  retreatments  since  1921. 

Experiment  No.  9. — Surface  treatment  with  cold  as- 
phaltic  petroleum  was  applied  in  June,  1912,  at  the 
rate  of  0.53  gallon  per  square  yard.  The  macadam 
surface  was  well  swept  and  application  made  with  a 
street  sprinkler   and  covered  with    1-inch   to    3/£-inch 


limestone  at  the  rate  of  1  cubic  yard  to  72  square  yards 
of  surface.  Several  hours  elapsed  between  the  distrib- 
ution of  the  oil  and  the  application  of  the  mineral  cover. 

The  oil  mat  withstood  the  abrasion  of  traffic  better 
than  the  preceding  section  treated  with  tar.  How- 
ever, a  tendency  to  become  muddy  in  wet  weather 
was  noticeable  and  deterioration  developed  in  the  more 
lightly  traveled  areas  of  the  section. 

A  very  considerable  amount  of  patching  has  been 
required  on  this  experiment  and  treatments  of  asphaltic 
petroleum  were  applied  annually  from  the  time  of 
construction  until  1921.  Retreatments  were  applied 
by  pouring  the  oil  on  the  road  surface  and  obtaining 
distribution  by  hand  brooming.  Since  1921  main- 
tenance has  consisted  only  of  patching. 

The  surface  is  fairly  smooth  and  intact  in  the  traveled 
way,  but  somewhat  more  uneven  adjacent  to  the  car 
track  and  the  gutter.  Fully  25  per  cent  of  the  south 
half  of  the  section  has  been  patched.  Fewer  patches 
have  been  required  on  the  remainder  of  the  section. 

Experiment  No.  10. — This  section  was  treated  with 
a  hot  residual  petroleum  applied  under  pressure.  The 
process  of  application  was  hampered  by  the  cold  weather 
of  late  November  and  by  a  small  amount  of  water 
contained  in  the  oil.  The  application  of  0.79  gallon 
per  square  yard  was  immediately  covered  with  stone 
chips  of  the  type  used  on  the  two  preceding  sections 
but  in  a  somewhat  greater  amount. 

This  experiment  gave  promise  of  becoming  trouble- 
some from  the  beginning.  The  subgrade  was  soft  and 
there  was  difficulty  in  bonding  the  macadam.  With 
the  advent  of  warm  weather  the  thick  mat  began  to 
bleed,  necessitating  the  addition  of  more  stone  covering. 
It  also  proved  unstable  under  traffic  and  developed  a 
marked  degree  of  waviness.     Continued  maintenance 


Condition  of  Experiment  11  in  February,  1928. 
Water-Bound  Macadam  Surface  Treated  with 
Asphalt    Emulsion 

failed  to  correct  this  condition  and  in  1914  it  was 
scarified,  brought  to  grade  by  the  addition  of  new 
stone  &nd  refinished  as  water-bound  macadam.  After 
being  opened  to  traffic  for  a  few  days  a  new  bituminous 
treatment  of  asphaltic  petroleum  was  applied.  This 
material  was  the  same  as  that  applied  to  the  adjacent 
experiment,  No.  9,  in  fact,  constituted  an  extension 
of  the  same  treatment.  Unfortunately,  the  work  of 
reconstruction  was  done  late  in  the  fall  and  numerous 
small  potholes  soon  formed.  Persistent  waviness  and 
the  tendency  to  become  muddy  in  wet  weather  were 
characteristic  of  this  section  during  its  early  life. 

Additional  treatments  of  asphaltic  petroleum  were 
applied  at  the  time  such  work  was  done  on  experiment 


May,  1928 


PUBLIC   ROADS 


57 


No.  9  and  the  two  sections  have  similar  records  of  serv- 
ice behavior  and  cost. 

The  surface  of  this  experiment  is  now  in  good  con- 
dition although  heavily  patched.  The  accumulation  of 
material  resulting  from  the  several  surface  treatments 
constitutes  a  rough  strip  about  3  feet  wide  adjacent  to 
the  gutter  and  has  pushed  over  the  cobblestone  edging 
in  some  places. 

Experiment  No.  11. — This  section  was  originally 
intended  as  a  part  of  experiment  No.  10  but  a  shortage 
of  oil  necessitated  the  installation  of  an  additional  sec- 
tion which  was  constructed  by  a  method  of  grouting. 

The  existing  macadam  was  scarified  and  harrowed 
and  new  23^-inch  to   1-inch  limestone  was  added  to 


patching  has  been  necessary.  This  experiment,  as  in 
the  case  of  experiment  1 ,  is  located  almost  entirely  on 
a  curve  and  consequently  is  subjected  to  the  same 
scouring  action  of  traffic.  The  condition  of  the  pave- 
ment at  present  is  fairly  good  although  there  are  many 
cracks  on  the  inside  of  the  curve  near  the  sidewalk. 

MAINTENANCE  COSTS   MUCH   LOWER  ON  BITUMINOUS  MACADAM 
SECTIONS  THAN  ON  SURFACE  TREATED  SECTIONS 

Traffic  carried  by  the  cast  and  west  lanes  did  not 
differ  widely  up  to  1921.  Later  traffic  counts,  made 
during  1927,  show  that  this  relationship  still  holds. 
Subgrade  conditions  are  believed  to  have  been  reason- 
ably uniform  throughout  the  length  of  these  experiments 


LXPtRIMENT 


EXPERIMENT-9  EXPERIMENT-10 

Condition  of  Penetration  Macadam   (Experiment  7)   and  Three  Penetration  Macadam  Sections  in  1928 


give  a  3-inch  layer  of  loose  stone.  A  mortar  prepared 
in  the  proportions  of  approximatley  4  cubic  feet  of  trap 
rock  screenings  to  10^  gallons  of  native  asphalt  emul- 
sion was  mixed  in  a  concrete  mixer  and  spread  to  a 
thickness  of  2^  inches  over  the  stone.  As  soon  as  the 
emulsion  began  to  dry  out,  screenings  were  scattered 
over  the  surface  and  a  10-ton  roller  forced  the  mortar 
into  the  voids  of  the  loose  stone  until  only  a  thin  layer 
remained  on  the  surface.  It  was  intended  to  apply  an 
emulsion  flush  coat  in  finishing  this  section,  but,  owing 
to  adverse  weather  conditions,  this  operation  was 
postponed  until  spring. 

For  five  years  maintenance  on  this  experiment  was 
very  slight  and  the  first  surface  treatment  was  not  re- 
quired until  1918  when  0.225  gallon  per  square  yard  of 
asphaltic  petroleum  with  a  torpedo-sand  cover  was 
applied.     Subsequently,  a  very  considerable  amount  of 


and  the  maintenance  costs  on  the  several  sections  may 
therefore,  be  regarded  as  fairly  comparable. 

As  might  be  expected  the  cost  of  maintaining  the 
bituminous  macadam  surfaces  (shown  in  Table  1  and 
fig.  2),  has  proved  to  be  far  less  than  the  costs  on  the 
three  strictly  superficial  bituminous  treatments  on 
waterbound  macadam.  For  the  former  the  average 
yearly  maintenance  cost  for  the  16  years  since  construc- 
tion has  been  2.60  cents  per  square  yard  as  compared  to 
8.30  cents  per  square  yard  on  experiments  Nos.  8,  9,  and 
10  over  a  period  of  15  years.  Experiment  No.  8  of  the 
surface-treated  group  has  proved  more  economical  than 
experiments  Nos.  9  and  10,  but  nevertheless  its  average 
annual  maintenance  costs  have  been  more  than  double 
the  average  of  those  on  the  bituminous  macadams. 
The  bituminous  grouted  section,  No.  11,  partakes  more 
of  the  nature  of  the  bituminous  macadam  than  of  the 
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surface  treatments.  However,  as  it  is  not  closely 
related  to  any  type  at  present  being  constructed, 
its  costs  are  omitted  from  this  comparison.  Yearly 
maintenance  costs  and  traffic  on  the  experiments  south 
of  Bradley  Lane  are  shown  graphically  in  Figure  2. 

EXPERIMENTS     WITH     HIGHER     TYPE    SURFACES     CONSTRUCTED 
NORTH  OF  BRADLEY  LANE 

The  six  experimental  sections  located  north  of 
Bradley  Lane  constitute  a  continuation  of  the  work 
previously  discussed,  but  are  located  only  on  the  west 
side  of  Connecticut  Avenue,  as  indicated  in  Figure  1. 
As  previously  stated,  these  sections  carried  traffic 
traveling  in  both  directions  up  to  the  end  of  1924,  at 
which  time  that  portion  on  the  east  side  of  the  car  tracks 
was  paved  from  Bradley  Lane  to  Woodbine  Street 


thereby  relieving  experiments  Nos.  1,2,  and  most  of  3  of 
the  north-bound  traffic.  The  average  daily  traffic  carried 
by  these  experiments  is  shown  graphically  in  Figure  2. 
Up  to  1921  they  carried  slightly  heavier  traffic  than  did 
those  sections  south  of  Bradley  Lane.  However,  dur- 
ing later  years  the  continual  development  of  the  adja- 
cent territory  has  greatly  increased  the  traffic  on  the 
latter  sections.  The  traffic  counts  made  in  1927  show 
that  the  sections  south  of  Bradley  Lane  carried  approx- 
imately 50  per  cent  more  traffic  than  did  those  north  of 
Bradley  Lane. 

However,  in  comparing  the  effect  of  the  traffic  car- 
ried by  the  various  experiments  consideration  should 
be  given  to  the  higher  concentration  necessarily  ob- 
taining on  those  sections  carrying  vehicles  traveling 
in  both  directions. 


BITUMINOUS  MACADAM  SECTIONS 
l-WAY  TRAFFIC 


SURFACE  TREATED  SECTIONS 
l-WAY  TRAFFIC 


EXPERIMENTS  NORTH  OF  BRADLEY  LANES 
2 -WAY  TRAFFIC 
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The  construction  of  these  sections  was  begun  Sep- 
tember 9,  1912,  and  continued  until  December  13, 
during  which  time  experiments  Nos.  1  and  2  and  por- 
tions of  Nos.  3,  4,  and  5  were  built.  Duo,  to  the  late- 
ness of  the  season,  the  construction  of  the  remaining 
portions  of  the  latter  experiments  and  all  of  No.  6 
was  postponed  until  the  spring  of  1913,  and  the  road 
was  finally  completed  May  17,  1913.  Table  4  shows 
the  character  of  the  six  experiments,  and  a  summary  of 
their  construction  details  and  subsequent  service 
behavior  follows. 

Table  4. — Character   and    extent   of   experimental   sections    con- 
structed on  Connecticut  Avenue  north  of  Bradley  Lane 


Experi- 
ment 

Location 

Area 

Type 

No. 

Sec- 
tion 

From— 

To— 

Aggregate 

1 

A 

B 

A 

B 

A 

B 
C 
A 

B 
C 
D 
E 
A 
B 
C 
D 

0-15 

3+19 
6+20 

9+04 

12+50 

15+84 
21+60 
25+03 

27+29 
30+90 

3+19 

6+20 
9+04 

12+50 
15+84 

21+60 
25+03 
27+29 

30+90 
33+60 

Square 
yards 

1,498 
•1,400 

'4, 178 
■1,744  . 

(2  inches     bituminous     concrete 
\    (Topeka  specification). 
[_._.do 

Limestone.' 

Trap.' 
Limestone.' 

Trap.' 
(J  ravel. 

2 

|2    inches    bituminous    concrete 
I     District  of  Columbia  specifica- 
1    tion). 
1 do 

Cement  concrete  surface  treated 

with  bituminous  material. 
do 

....do 

(iravel. 

3 

Oil-cement      concrete,      surface 
treated  with  bituminous  mate- 
rial. 

do 

Limestone. 

Oil-cement  concrete 

Do. 

4 

42+50  :  44+61 
46+10  ,  49+00 
33+60  !  37+85 
37+85     42+50 
44+61  1  46+10 
49+00  ,  52+00 
52+00     61+ 

\ do 

do . 

Trap. 

(Cement  concrete 

| do 

5 

3,013 
2,055 

1 do 

Do. 

6 

|. ...do _ 

Vitrified  brick 

Trap. 

See  Table  9. 

1  Aggregate  used  in  the  bituminous  concrete.    Gravel  used  in  the  cement  concrete 
of  the  base. 

Prior  to  the  construction  of  the  experimental  sections 
the  road  surface  was  8  inches  of  waterbound  limestone 
macadam  in  very  bad  condition.  This  old  surface  was 
spiked,  plowed,  and  scarified,  and  the  suitable  stone 
was  reclaimed  and  used  to  backfill  the  trenches  of 
French  drains  which  were  constructed  at  both  sides  of 
the  new  pavement.  The  installation  of  these  drains 
was  suggested  by  the  character  of  the  subgrade  soil, 
which  is  a  decomposed  mica  schist  that  absorbs  water 
very  readily.  The  drain  along  the  east  side  was  3  feet 
deep  and  extended  throughout  the  entire  length  of  all 
experiments;  that  on  the  west  side  was  laid  under  the 
gutter  with  the  4-inch  tile  at  a  depth  of  2  feet  below 
the  subgrade.  The  latter  extended  through  all  sections 
except  experiment  6,  which  lies  on  a  fill. 

The  barrel-shaped  concrete  gutter  which  was  laid 
along  the  west  side  of  the  experiments  was  built  to  a 
width  of  3  feet  with  a  depth  of  4  inches  at  the  center. 
The  base  of  this  gutter  was  1:2:4  gravel  concrete 
laid  very  dry  and  the  top,  immediately  applied,  was 
one-half  inch  of  1  :  2  mortar.  The  entire  length  of 
gutter  was  laid  before  any  of  the  pavements  were  con- 
structed, and  the  concrete  surfaces  and  bases  were 
struck  off  with  a  strike  board  which  rested  upon  the 
gutter.  There  were  no  joints  in  the  gutter  except  the 
joints  at  the  ends  of  day's  work.  When  the  forms 
were  removed  the  base  was  found  to  be  very  porous. 


By  the  time  the  concrete  pavement  sections  were 
laid  against  this  gutter  it  had  attained  considerable 
tensile  strength,  and,  in  contracting,  had  cracked  ;it 
frequent  intervals.  When  the  pavement  concrete  was 
poured  against  the  porous  side  of  the  base  it  apparently 
bonded  to  it;  at  any  rate  the  majority  of  the  first  con- 
traction cracks  that  appeared  in  the  pavements  were 
opposite  the  cracks  in  the  gutter  and  were  undoubtedly 
caused  by  the  contraction  of  the  stronger  gutter. 


Concrete  Base  for  Asphaltic  Concrete  Sections 
asphaltic  concrete  sections  have  given  good  service 

Experiment  No.  1. — A  hot-mixed  asphaltic  concrete 
surface,  2  inches  in^thickness,  wasTlaid  on  a  6-inch 
1:3:7  gravel  concrete  foundation.  Aj[curb  of  1 :2  mor- 
tar 6  inches  wide  and  2  inches  high  was  constructed 
integrally  with  the  foundation  along  the  edge  adjacent 
to  the  car  track.  The  concrete  base  was  compacted  by 
tamping  and  its  surface  was  slightly  roughened  by 
striking  with  a  rattan  broom.  The  bituminous  wearing 
surface  was  not  laid  until  a  month  after  the  completion 
of  the  foundation. 

An  effort  was  made  to  secure  a  composition  conform- 
ing to  the  "Topeka"  specification  by  using  only  crushed 
rock  and  limestone  dust  for  the  aggregate.  This  was 
found  to  be  difficult  without  the  addition  of  sand,  but 

Table  5. — Analyses  of  bituminous  concrete  mixtures 


Experiment 
No.  1 

Experiment 
No.  2 

Coarse  aggregate 

Topeka  speci- 
fication 

District  of 

Columbia 

specification 

Lime- 
stone 

Trap 

Lime- 
stone 

Trap 

7.1 

8.7 

6.7 

2.  1 
13.2 
16.7 
13.5 
12.7 
6.5 
7.6 
3.5 
3.3 
2.0 
4.  I 
1.1 
2.0 
5.0 

6.7 

Sieve  analysis  of  aggregate: 

0 

6.5 

Pass  %-inch  screen,  retained  J^-inch  screen  — 
Pass  H-'nch  screen,  retained  K-'nch  screen — 
Pass  J£-inch  screen,  retained  J^-inch  screen — 

Pass  H-mch  screen,  retained  10-mesh  sieve 

Pass  10-mesh  sieve,  retained  20-mesh  sieve 

Pass  20-mesh  sieve,  retained  30-mesh  sieve  — 
Pass  30-mesh  sieve,  retained  40-mesh  sieve  — 

Pass  40-mesh  sieve,  retained  50-mesh  sieve 

Pass  50-mesh  sieve,  retained  80-mesh  sieve  — 
Pass  80-mesh  sieve,  retained  100-mesh  sieve. .- 
Pass  100-mesh  sieve,  retained  200-raesh  sieve. . 

1.8 

11.3 

20.5 

14.5 

15.8 

5.8 

3.8 

1.6 

3.3 

1.5 

2.9 

10.1 

2.0 

14.0 

13.0 

8.8 

17.0 

7.3 

4.0 

2.3 

4.4 

1.8 

4.6 

12.1 

15.2 
19.2 
13.5 
7.4 
8.7 
4.0 
3.3 
1.9 
4.0 
1.2 
2.6 
5.8 

100.0 

100.0 

100.0 

100.0 
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owing  to  impending  winter  conditions  and  the  conse- 
quent necessity  for  completing  the  pavement  as  quickly 
as  possible,  the  mixtures  were  laid  as  indicated  by  the 
analyses  of  Table  5.  From  station  0  —  15  to  3  +  19  lime- 
stone screenings  were  used  and  from  3  +  19  to  6  +  20  trap 
rock  was  used.  The  binder  was  a  fluxed  native  asphalt 
of  the  characteristics  shown  in  Table  6. 

The  mixture  arrived  upon  the  road  at  a  temperature 
of  about  280°  F.  Initial  compression  was  obtained  by 
a  3-ton  roller  and  completed  by  means  of  a  10-ton 
tandem  roller.  The  surface  between  stations  4  +  26 
and  6  +  20  was  laid  during  a  drizzling  rain. 

This  pavement  in  general  has  remained  in  good  con- 
dition throughout  its  15  years  of  service  and  has  re- 
quired remarkably  low  expenditures  for  maintenance. 
Depressions  have  occurred  from  time  to  time  along  the 
west  edge  of  section  A  and  to  some  extent  on  the  north 
end  of  section  B,  due,  apparently,  to  the  tendency  of 
heavy  trucks  to  follow  the  line  of  the  gutter.  Shortly 
after  construction  slight  indications  of  waviness  were 
observed,  especially  near  the  north  end  in  the  trap- 
rock  section  adjacent  to  the  curb.  This  condition  has 
not  increased  to  a  marked  degree,  although  in  a  few 
places  transverse  cracks  have  developed  in  the  base, 
resulting  in  a  slight  bulge  in  the  wearing  surface. 

On  a  number  of  scattered  areas  in  the  limestone  sec- 
tion, especially  near  the  west  edge,  the  surface  has  been 
broken  by  the  formation  of  fine  irregular  cracks. 
These  areas  have  remained  firm  and  smooth  and  have 
required  no  additional  maintenance  up  to  this  time. 
However,  it  may  be  reasonably  expected  that  they  will 
eventually  affect  the  life  of  the  pavement  and  will 
require  more  maintenance. 


Some  pitting  has  occurred,  which  is  more  noticeable 
in  the  limestone  section,  and  the  section  on  which  trap 
rock  was  used  appears  richer  and  more  plastic.  A 
study  made  on  the  base  showed  the  condition  of  the 
concrete  was  fairly  well  reflected  in  the  appearance  of 
the  wearing  surface.  Cores  were  drilled  in  both  good 
and  poor  areas.  On  those  areas  over  which  the  wearing 
surface  was  cracked,  the  concrete  base  was  found  to 
have  suffered  pronounced  deterioration,  in  some  cases 
to  such  an  extent  that  it  could  be  removed  with  little 
difficulty  with  a  shovel.  On  the  other  hand,  where  the 
surface  was  intact  and  free  from  cracks,  the  concrete 
base  was  also  in  good  condition. 

Experiment  No.  2. — This  is  an  asphaltic  concrete 
surface  proportioned  in  accordance  with  District  of 
Columbia  specifications  laid  2  inches  thick  on  the 
concrete  foundation  described  in  connection  with  ex- 
periment No.  1. 

This  experiment  was  also  divided  into  two  sections, 
stations  6  +  20  to  9  +  04  and  9  +  04  to  12  +  50,  upon 
which  limestone  and  trap-rock  screenings,  respectively, 
were  used  in  the  surface  mixture.  In  this  case,  how- 
ever, the  finer  particles  of  the  stone  were  augmented 
by  the  addition  of  a  coarse  sand.  Limestone  dust  as 
filler  and  the  fluxed  native  asphalt  binder  were  used  as 
in  the  Topeka  mixture.  The  south  80  feet  of  this 
pavement  was  laid  in  a  drizzling  rain.  Analysis  of  the 
mixture  as  laid  appears  in  Table  5. 

After  a  delay  of  one  week,  due  to  unfavorable 
weather,  a  seal  coat  of  fluxed  native  asphalt  was  applied 
at  the  rate  of  0.51  gallon  per  square  yard  and  covered 
with  clean  stone  chips.  The  temperature  at  the  time 
was  only  35°  F.,  and  the  asphalt  hardened  as  soon  as 


Table  G. — Analyses  of  bituminous  materials  used  in  original  construction  of  experiments  north  of  Bradley  Lane 


Experi- 
ment 
Nos.  1 
and  2: 
Bitumi- 
nous 
con- 
crete- 
Fluxed 
native 
asphalt 

Experiment  No.  3  (surface  treatments) 

Experi- 
ment 

Sections 
AandG: 
Refined 

coal  tar 

Sections 
Dand  F: 
Water- 
gas  tar 
prepara- 
tion 

Seel  Ions 
BandH: 
Water- 
gas  tar 
prepara- 
tion 

Section 

E:  Fluxed 

native 

asphalt 

Sections 

C,  Dand 

I:  Fluxed 

native 

asphalt 

Section 
F:  Oil 
asphalt 

Section 
J:  Oil 

asphalt 

Nos.  3 
and  4: 
Oil- 
cement 

con- 
crete— 
Residual 
petro- 
leum 

Specific  gravity,  25°/25°  C ..      _  . 

1.074 

1.219 

1.108 

1. 144 

1. 045 

1.043 

1.031 

1.012 

0.933 

Specific  viscosity,  Englcr: 

1.  50°  C,  100  cc 

27.8 

2.  50°  C,  50  cc 

14.0 

Penetration,  25°  C,  100  g.,  5  sec ..     

60 

184 

148 

'26 

147 

Float  test,  32°  C,  seconds - ...  ..  ..  .. 

83 

40 

207 

7r. 

Float  test,  50°  C,  seconds..  .....      ....      .  .     

Melting  point,  °C_    ...  .  .  ...      .     ..  

53 

2.  80 

29 

39 

3.50 
63 

48 
2.73 

04 

92 

0.32 

18 

52 

0.59 

103 

Loss  163°  C.,  5  hrs.,  20  g.,  per  cent ...  

2.63 

Penetration  on  residue .  

Float  test  on  residue  at  32  °( '.,  seconds ..  .  .  .. 

95 

Per  cent  soluble  in  CS; ...      .  .      ._  .  .   

93.  50 
1.86 
4.58 
23.83 
11.20 

94.70 
1.23 
4.07 

19.  60 
9.83 

96. 56 
1.35 
2.09 

21.87 
11.17 

99.74 

.17 

.09 

34.84 

15.62 

99.  72 

.17 

.11 

21.72 

10.92 

99. 90 

Per  cent  insoluble  in  CS2...  .     .     ...  ..  . 

.08 

Per  cent  inorganic  insoluble 

.02 

Per  cent  bitumen  insoluble  in  86°  B.,  naphtha 

2.31 

Per  cent  fixed  carbon 

3.01 

Per  cent  free  carbon 

16.  29 

0.25 

0.95 

Distillation,  per  cent  by  weight: 

Water 

0.0 

2.5 

V2 

5  14.7 

8  8.  7 

75.8 

0.0 

3  1.4 

3.4 

3  10.  3 

?  17.0 

64.8 

0.0 

3.1 

3.2 

3  6.4 

8  10.4 

82.8 

Up  to  110°  c ._ 

110  to  170°  C 

170  to  270°  C 

270  to  315°  C 

Residue  ...     

Total 

99.9 

99.9 

99.9 

i  Penetration  at  0°  C.  (200  g.,  1  mill.)  14;  penetration  at  4C°  C.  (50  g.,  5  sec.)  58. 

2  One-half  solid. 

3  Clear. 

*  Cloudy. 
6  Two-thirds  solid. 
«  Solid. 

'  Clear.    Showed  7.5  per  cent  insoluble  in  dimethyl  suplhate.     A  315  to  350°  C.  fraction  showed  7.5  per  cent,  and  a  350  to  375°  C.  fraction  showed  17.5  per  cent  insoluble 
r. dimethyl  sulphate. 

8  Clear.     This  fraction  and  also  a  315  to  350°  C  fraction  and  a  350  to  375°  C  fraction  each  showed  7.5  per  cent  insoluble  in  dimethyl  sulphide. 
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Condition  of  Bituminous  Concrete  Sections  in  1928. 
The  the  Upper  Pictures  are  of  Experiment  1  and 
the  Lower  is  of  Experiment  2 

it  touched  the  surface.  As  a  consequence  the  asphalt 
was  unevenly  distributed  and  the  chips  were  not  prop- 
erly bedded,  so  that  most  of  the  stone  was  swept  off 
by  the  traffic  during  the  winter  and  when  spring  came 
the  surface  was  very  soft.  A  reapplication  of  chips  in 
the  amount  of  0.011  cubic  yard  per  square  yard  was 
made  in  July,  1913,  and  this  greatly  stiffened  and 
improved  the  surface. 

The  service  record  of  this  experiment  is  virtually  the 
same  as  that  for  experiment  No.  1.     The  surface  has  a 


m^. 


v^ 


A  Badly  Cracked  Area  of  Bituminous  Concrete  in 
Experiment  1,  North  of  Bradley  Lane.  The  Lower 
Picture  Shows  the  Condition  of  the  Concrete  Base 
Which  Could  Be  Removed  with  a  Shovel 

mottled  appearance  and  seems  richer  than  the  Topeka 
mixture.  Wear  and  depressions  near  the  gutter  have 
developed  and  have  been  maintained  with  cold  patch 
mixtures  of  tar  and  stone  chips.  The  surface  is  gen- 
erally smooth  and  unbroken  excepting  for  a  few  trans- 
verse cracks  which  are  reproductions  of  base  cracks. 
The  trap-rock  section,  as  in  experiment  No.  1,  appears 
richer  and  more  plastic  than  does  the  limestone  section. 
Specimens  taken  from  the  base  show  the  concrete  to  be 
in  good  condition  generally. 

BITUMINOUS  SURFACE  COAT  EXPERIMENTED  WITH  ON  CONCRETE 
PAVEMENT 

Experiment  No.  3. — This  section  consists  of  4,178 
square  yards  of  6-inch  Portland  cement  concrete 
pavement  which  it  was  desired  to  surface  coat  with  a 
number  of  bituminous  materials. 

In  mixing  the  concrete  for  1,341  square  yards  of  this 
experiment  there  was  added  a  light  fluxed  residual 
petroleum  in  the  proportion  of  5  pints  to  each  sack  of 
cement,  The  analysis  of  this  material  is  shown  in 
Table  6. 

The  proportions  of  the  concrete  throughout  this 
experiment  were  1  part  of  Portland  cement,  1%  parts 
of  sand  and  3  parts  of  coarse  aggregate.  The  experi- 
ment was  divided  into  sections  as  shown  in  Figure  1, 
and    Table   4.     Both    plain    and    oil-cement    concrete 
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were  laid  with  limestone  and  with  gravel  coarse  ag- 
gregate, the  analyses  of  which  are  given  in  Table  7. 

The  concrete  was  mechanically  mixed  to  a  "quaky" 
consistency,  shoveled  and  raked  into  place,  shaped 
by  means  of  a  strike  board,  and  finished  from  a  bridge 
by  hand  with  wooden  floats.      Expansion  joints  were 


purposely  omitted  and  no  joints  of  any  other  kind  were 
constructed  except  those  between  the  several  day's 
work.  These  were  placed  at  an  angle  of  80°  to  the 
center  line  of  the  road;  and  before  work  was  continued, 
the  exposed  face  of  the  concrete  was  washed  with  a 
10  per  cent  solution  of  muriatic  acid,  followed  by 
water.  The  mixer  was  of  the  rotary-distributor 
type,  now  obsolete;  and  there  was  probably  a  con- 
siderable segregation  of  the  aggregates. 

Table  7. — Mechanical    analyses    of    coarse    aggregates    used    in 
concrete  Experiments  3,  4,  and  5,  north  of  Bradley  Lane 


Size 

Gravel 

Lime-  i   T 
stone  |    lrap 

2.3 

10.8 

Pass  lJ4->nch,  retained  on  1-inch  screen..  .    .  .  -  -- 

24.0 

25.8 

26.4 

9.8 

.9 

-     13. 2 

34.2 

47.4 
5.2 

\      19.5 
40.6 
219 

Pass  %-inch,  retained  on  J^-inch  screen 

Pass  J4-inch,  retained  on  }^-inch  screen 

Pass  J^-inch ._                    ...  _        _  . 

8.4 

Total 

100.0 

100.0 

100.0 

CONUITIC 


OF  2   OF  THE    SURFACE-TKEATED    PORTLAND    Ce- 

ment  Concrete  Sections  in  1914 


The  fresh  concrete  was  covered  with  canvas  as  soon 
as  practicable  and,  after  it  had  set,  a  2-inch  layer  of 
loam  or  sand  was  spread,  kept  wet  for  a  period  of  8 
days,  and  removed  after  15  days. 

The  bituminous  surface  treatments  were  omitted 
from  the  original  construction  on  account  of  the  cold 
weather  and  were  not  applied  until  the  following  year. 
In  preparation  for  the  application  of  the  bituminous 
mat,  the  concrete  surface  was  washed,  swept,  and 
allowed  to  dry.  Table  8  indicates  the  nature  of  the 
materials  which  were  applied  as  protective  coatings 
and  Table  6  shows  the  results  of  laboratory  tests  made 
upon  the  bituminous  materials  used  in  original  con- 
struction. 

In  certain  instances  it  will  be  noted  that  two  appli- 
cations of  bituminous  materials  were  made,  the  first 
being  in  the  nature  of  a  paint  or  priming  coat  to  facili- 


Table  8. — Materials  used  in  bituminous  surface  treatments  on  the  concrete  experiments  Nos.  3,  4>  and  5,  north  of  Bradley  Lane 


Location 

Original  treatments 

Maintenance  treatments 

Experi- 
ment 
No. 

From — 

To- 

Paint  coat 

Carpet  coat ' 

Amount 

1916 

1922 

Materials  2 

Amount 

Material 3 

Amount 

3-A 

12+50 
15+00 

17+50 

20+00 

21+25 

22+50 

25+00 
26+50 

28+00 

29+50 
130+90 
•M2+50 

Ug+io 

(33  +  60 
137+85 

144+61 
(49+00 

15+00 
17+50 

20+00 

21+25 

22+50 

25+00 

26+50 
28+00 

29+50 

30+90 
33+60 
44+61 
49+00 
37+85 
42+50 
46+10 
52+00 

None 

Gallons 

0.33 

.33 

.50 

.70 

.60 

.60 

.33 
.33 

.50 

.50 

None. 

None. 

Water-gas  tar  preparation. 
do.. - 

Residual  asphaltic  petro- 
leum. 
do... 

do 

do 

Gallons 

0.307 

.307 

.275 

.  275 

.275 

.275 

.307 
.307 

.499 

.499 

None. 

None. 

Coal  tar,  refined .. 

Gallons 
0.385 

3-B 
3-C 
3-D 
3-E 

3-F 

do 

do 

Water-gas  tar  preparation 

No.  1. 
Native  asphalt  emulsion '.. 

Water-gas  tar  preparation 

No.  1. 
None 

Water-gas  tar  preparation 

No.  2. 
Fluxed   native   asphalt 

No.  2. 
do.. 

Fluxed  native  asphalt  No. 

1. 
Oil  asphalt  No.  1... 

do 

do 

do... 

do... 

do 

.385 
.385 
.385 
.385 
.385 

3-Q 

Water-gas  tar  preparation. 
do._ - 

Asphaltic  petroleum 

do... 

do... 

do.-_ 

do 

do.._ 

..      do. 

.385 

3-H 

3-1 

3-J 

do... 

do.. 

do... 

L___do 

Water-gas  tar  preparation 

No.  2. 
Fluxed  native  asphalt  No. 

2. 
Oil  asphalt  No.  2 

.385 
.385 
.385 

4 _. 

None 

.  260 

1 

I.... do.. 

do 

do  - 

do 

.260 

I 

1  Cover  consisted  of  limestone  screenings  or  pea  gravel. 

2  Torpedo-sand  cover. 


3  Pea-gravel  cover. 

1  Hume  type  of  bituminous  material  used  in  experiment  No.  11. 
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tate  the  adhesion  of  the  heavier  carpet  material.  The 
first  application  was  broomed  over  the  concrete  without 
heating.  The  heavier  products  were  heated  in  kettles 
and  spread  by  means  of  a  hand-drawn  distributor. 
The  treatments  were  covered  with  pea  gravel  or  lime- 
stone grit  and  immediately  opened  to  traffic. 

The  bituminous  mats  were  purposely  permitted  to 
wear  without  maintenance  and  in  February  of  1916 
were  reported  to  be  in  the  following  condition: 

(A)  Refined  coal  tar.  Twenty  to  twenty-five  per 
cent  of  the  treatment  worn  off.  The  west  side  showed 
more  exposed  concrete  than  the  east  side. 

(B)  Water-gas  tar  preparation,  No.  2.  Slightly 
better  than  A,  but  deteriorating. 

(C)  Fluxed  native  asphalt,  No.  2.  Eighty-five  per 
cent  of  the  mat  was  gone  on  the  west  half  but  only 
about  1  per  cent  had  disappeared  from  the  east  half. 

(D)  Fluxed  native  asphalt  No.  2  over  water-gas  tar 
preparation  No.  1.  About  85  per  cent  had  disap- 
peared from  the  west  side  and  about  5  per  cent  from 
the  east  side. 

(E)  Fluxed  native  asphalt  over  native  asphalt  emul- 
sion. About  85  per  cent  worn  off  of  the  west  half 
and  about  10  per  cent  from  the  east  half. 

(F)  Oil  asphalt  No.  1  over  water-gas  tar  prepara- 
tion No.  1.  Only  a  few  scattered  patches  of  the  treat- 
ment remained. 

(G)  Refined  coal  tar.  Surface  treatment  was  worn 
off  to  a  great  extent  over  the  entire  section. 

(H)  Water-gas  tar  preparation  No.  2.  Seventy-five 
per  cent  of  mat  had  worn  off  of  the  west  half  of  the 
pavement.     The  east  half  remained  almost  intact. 

(I)  Fluxed  native  asphalt  No.  2.  About  60  per 
cent  of  the  treatment  was  gone  from  the  west  half. 
The  east  half  remained  almost  intact. 

(J)  Oil  asphalt  No.  2.  About  35  per  cent  of  the 
surface  treatment  had  disappeared  from  the  west 
quarter  of  the  pavement.  The  remaining  three-quarters 
was  almost  intact. 

The  mats  of  sections  A  to  F,  inclusive,  were  laid  on 
plain  concrete.  The  concrete  of  sections  G  to  J  con- 
tained oil  as  previously  described.  Although  earlier 
observations  had  indicated  that  oil-cement  concrete  was 
not  better  adapted  to  bituminous  surface  treatment 
than  cement  concrete,  a  comparison  of  these  groups,  on 
the  basis  of  observations  made  three  years  after  con- 
struction, leads  to  the  conclusion  that  the  asphaltic  ma- 
terials at  least,  proved  somewhat  more  durable  on  the 
former. 

The  west  half  of  the  pavement  carried  much  heavier 
traffic  than  did  the  east  half,  and  this  condition  is 
clearly  reflected  in  the  behavior  of  the  bituminous 
treatments. 

During  the  fall  of  1916  the  entire  experiment  was 
once  more  surface  treated  with  bituminous  materials. 
Sections  A,  B,  G,  and  H,  which  originally  had  tar  mats, 
were  at  this  time  treated  with  a  hot  water-gas  tar 
preparation.  A  residual  asphaltic  petroleum  was 
applied  to  sections  C,  D,  E,  and  F,  upon  which  materials 
of  an  asphaltic  nature  had  been  previously  used. 
Sections  I  and  J  received  a  carpet  coat  of  cold  asphaltic 
petroleum  applied  at  the  rate  of  one-half  gallon  per 
square  yard  in  two  applications.  Torpedo  sand  was 
used  as  the  top-dressing  for  all  of  these  treatments. 

By  1922  these  mats  had  virtually  disappeared  and 
refined  coal  tar  with  pea  gravel  was  applied  to  the 
whole  experiment  at  the  rate  of  0.385  gallon  per  square 
yard.     Inspections  made  in  1926  and  again  in  1927 


showed  that  the  last  treatment  had  for  the  most  part 
worn  off,  although  on  the  east  side  considerable  areas 
remained  intact,  especially  in  the  gravel  oil-cement 
section,  and  small  patches  were  scattered  over  the 
remainder  of  the  surface. 

_  All  the  sections  in  this  experiment  are  in  poor  condi- 
tion and  will  require  heavy  maintenance  from  now  on. 
Very  little  difference  in  appearance  is  noted  between 
the  gravel  and  crushed-stone  aggregate  and  between 
the  cement  and  oil-cement  sections. 


Condition  of  Surface-Treated  Concrete  Sections  in 
1928,  Experiment  3-B.  The  Upper  Picture  Shows 
Concrete  Not  Containing  Oil  and  the  Lower  Pic- 
ture Shows  Oil-Cement  Concrete 

portland  cement  concrete  test  sections  described 

Experiment  No.  4- — This  was  a  test  of  Portland 
cement  concrete  mixed  with  oil  as  a  wearing  surface. 
Gravel,  limestone,  and  trap  rock  were  used  as  the 
coarse  aggregate  and,  due  to  irregularity  in  the  delivery 
of  these  materials,  it  was  necessary  to  separate  the 
sections  in  which  they  were  used,  as  shown  in  Table  4. 

The  concrete  mixture  was  composed  of  1  part  Port- 
land cement,  1%  parts  of  sand,'  and  3  parts  of  coarse 
aggregate.  After  the  cement,  aggregates,  and  water 
were  partially  mixed,  5  pints  of  light  residual  oil  was 
added  for  each  sack  of  cement  and  the  mixing  com- 
pleted. The  analysis  of  the  oil  is  given  in  Table  6. 
The  construction  details  of  this  experiment  were 
identical  with  those  of  experiment  No.  3  which  has  been 
described. 

Hydrated  lime  was  also  added  to  the  concrete  con- 
stituting 153  linear  feet  at  the  northern  end  of  the 
section   containing  trap-rock  coarse   aggregate.     The 
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Steps  in  the  Construction  of  the  Concrete  Sections  and  Condition  of  a  Portion  ofti 


'inishkd  P  \\  ement  in  1914 


Conditio  -,  ctions  m  1928.     The   Uppee 

PICTURE     Snows     EXPEBIMENT     5~A     AND     THE      LoWEli 

Picture  Shows  Experiments  4-E  and  5-D 


Badly    Cracked    Concrete    Pavement  in   1928    Which 
Produced  Cores  of  Fairly  High  Strength 

proportions  of  this  mixture  were  as  follows:  Hydrated 
lime,  20  pounds;  cement,  188  pounds;  sand,  4  cubic 
feet;  coarse  aggregate,  7}4  cubic  feet;  oil,  10  pints. 

Table  7  shows  mechanical  analyses  of  the  coarse 
aggregates  employed  in  the  concrete  experiments. 

Experiment  No.  5. — This  section  was  identical  with 
experiment  No.  4,  except  that  oil  was  omitted  from  the 
mixture.  The  same  coarse  aggregates  were  used  and 
the  experiment  was  constructed  in  separate  sections,  as 
shown  in  Table  4. 

Hydrated  lime  was  added  to  the  concrete  of  the  trap 
section  adjacent  to  the  oil-concrete  area  in  which 
hydrated  lime  was  included.  The  proportions  were 
the  same  as  in  experiment  No.  4,  except,  of  course,  for 
the  omission  of  the  oil. 

The  wearing  quality  of  the  concrete  seems  not  to 
have  been  affected  by  the  presence  of  the  oil.  Both 
types  have  worn  uniformly  and  disintegration  has  not 
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developed  except  where  the  pavement  has  cracked  so 
badly  that  the  small  slabs  have  been  progressively 
broken  into  still  smaller  pieces. 

In  the  sections  using  trap  rock  the  abrasion  of  the 
mortar  has  left  the  more  resistant  coarse  aggregate 
prominently  exposed. 

At  the  present  time  nearly  all  of  the  sections  are 
badly  cracked  and  certain  areas  are  maintained  with 
the  greatest  difficulty.  The  sections  located  north  of 
Blackthorn  Street  are  in  the  best  condition  of  the  con- 
crete group,  with  transverse  cracks  frequently  located 
at  greater  than  25-foot  intervals.  This  may  be  due  to 
the  better  drainage  conditions  existing  at  this  point. 


BRICK  TEST  SECTION  SHOWS  BUT  LITTLE  WEAR 

Experiment  No.  6.~ This  section  included  tests  of 
vitrified  brick  wearing  surfaces  on  a  Portland  cement 
concrete  foundation.  The  foundation  was  constructed 
of  1:3:7  gravel  concrete  as  in  experiments  No.  1  and 
No.  2,  except  that  in  this  ease  the  curb  was  made  8 
inches  wide  and  6  inches  high  of  1:  \%\  3  gravel  con- 
crete placed  integrally  with  the  base. 

On  the  foundation  a  cushion  of  sand  was  spread  and 
rolled  with  a  300-pound  hand  roller  and  struck  off  to  a 
true  depth  of  2  inches.  The  brick  were  laid  in  straight 
courses  at  right  angles  to  the  curb  and  no  driving  was 
permitted  to  straighten  the  courses.     After  the  brick 


Steps  in  the  Construction  of  the  Brick  Experiment  and  One  of  the  Finished  Sections 


In  1922  these  experiments  were  surface  treated  with 
a  hot  application  of  0.26  gallon  refined  coal  tar  and 
pea  gravel.  This  mat  surface  has  now  entirely  disap- 
peared except  for  two  small  isolated  areas. 

The  presence  of  hydrated  lime  in  portions  of  the  trap 
rock  sections  of  experiments  No.  4  and  No.  5  apparently 
has  not  affected  the  behavior  of  the  concrete.  Cores  were 
taken  both  from  the  badly  cracked  portions  and  from  the 
larger  areas  of  the  various  sections  of  the  concrete  experi- 
ments. The  compressive  strengths  of  the  two  types  of 
cores  are  approximately  the  same  and  consequently  are 
not  indicative  of  the  true  condition  of  the  pavement. 

In  the  summer  of  1914  and  subsequently  at  other 
times,  expansion  of  concrete  sections  resulted  in  a  blow- 
up at  station  12  +  50,  the  junction  of  the  second  bitumi- 
nous concrete  and  the  first  concrete  section,  and  a  point 
at  which  there  is  a  convex  vertical  curve.  Removal  of 
a  strip  of  concrete  on  each  of  the  several  occasions 
finally  put  a  stop  to  the  phenomenon. 


were  laid  and  imperfect  ones  replaced,  the  surface  was 
rolled  with  a  5-ton  tandem  roller  until  they  were  firmly 
bedded  in  the  sand  cushion.  Portland  cement  grout, 
composed  of  1  part  cement  to  1  part  of  sand,  was  applied 
in  two  applications.  The  first  was  of  such  consistency 
that  it  would  flow  freely  and  was  swept  into  the  joints. 
After  the  first  application  had  settled  well  into  the 
joints,  the  second  application  of  the  consistency  of  thick 
cream  was  squeegeed  over  the  pavement,  leaving  the 
joints  well  filled.  Immediately  after  the  grouting  was 
completed,  sand  was  spread  over  the  pavement  to  a 
depth  of  one-half  inch  and  kept  wet  for  seven  days. 

Longitudinal  joints  were  provided  along  each  curb, 
but  no  transverse  expansion  joints  were  constructed, 
and  the  ends  of  the  pavement  were  practically  fixed. 

The  experiment  was  constructed  with  brick  obtained 
from  many  sources  and  possessing  widely  different  test 
characteristics.  Results  of  tests  made  upon  samples 
of  the  brick  laid  in  each  section  are  listed  in  Table  9. 
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Table  9. — Tests  on  vitrified  brick  used  in  experiment  No.  6  north  of  Bradley  Lane 

[Length  of  section,  978.1  feet] 


Section 

Length 

Feet 

A -.- 

51.5 

B 

67.  5 

C 

108.7 

D 

105.0 

E 

111.4 

F _ 

69.4 

G 

60.5 

H 

67.  9 

I 

5(1.  0 

J 

61.3 

K 

54.7 

L _._ 

58.8 

M 

00.1 

N 

51.3 

Type  of  brick 


Shale,  wire-cut  lug. 
.do. 


Shale,  re-pressed 

do. 

do 

do 

do 

....do.... 

do 

Fire  clay,  re-pressed . 

....do 


Shale,  re-pressed . 


Fire  clay,  re-pressed ... 
Fire  clay,  wire-cut  lug. 


Rattler 
loss 


Fir  cent 

21.  12 
16.  30 
25.  57 
17.07 
22.04 
18.80 
27.92 
22.68 
22.59 
19.  11 

37.68 

38.89 

24.31 
31.19 


Water 
absorp- 
tion 


Per  cent 
1.39 
1.31 
.88 
1.65 
1.10 
1.81 
2.29 
3.74 
2.86 
1.50 

2.38 

4.04 

3.73 
3.68 


Description 


Hard-burned  brick  having  a  good  structure. 

Medium  hard-burned  brick  having  a  very  good  structure. 

Brick  well  vitrified;  losses  in  rattler  mainlv  due  to  chipping. 

Brick  molded  from  coarsely  ground  shale;  had  a  fairly  good  structure  and  was  hard  burned. 

Brick  very  hard  burned;  losses  in  rattler  due  to  chipping. 

Brick  molded  from  coarsely  ground  clay;  had  a  good  structure. 

Medium  hard-burned  brick  which  wear  evenly  though  excessively  in  the  rattler  test. 

Medium  hard-burned  brick  made  from  finely  ground  clay  and  having  a  fairly  good  structure. 

Medium  hard  brick  made  from  coarsely  ground  clay  and  wearing  down  uniformly  in  the  rattler. 

Brick  made  from  coarsely  ground  fire  clay;  had  an  excellent  structure,  free  from  laminations;  not  burned 

very  hard. 
Comparatively  soft-burned  brick  made  from  coarsely  ground  fire  clay;  wear  in  rattler  excessive  though 

uniform. 
Comparatively  soft-burned  brick  made  from  coarsely  ground  clay;  wear  in  rattler  excessive  though 

uniform. 
Fairly  soft-burned  brick  made  from  medium  finely  ground  clay,  worn  down  evenly  by  rattler. 
Losses  in  rattler  due  mainly  to  open  laminations;  brick  burned  hard. 
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The  Upper  Picture  Shows  Cores  Taken  from  the  Con- 
crete Sections  and  the  two  Lower  Pictures  Show 
Cores  from  the  Brick  Sections 

Sections  K,  L,  M  and  part  of  N  were  constructed 
over  a  heavy  fill  which  some  years  ago  settled  to  a 
considerable  extent,  causing  failures  in  the  overlying 
pavement  necessitating  heavy  repair  during  1919, 
1920,  and  1922.  The  cost  of  such  repair  is  not  prop- 
erly chargeable  to  surface  maintenance  and  therefore 
has  not  been  included  in  the  accumulated  cost  data  of 
Figure  2  and  Table  1.  A  foundation  failure  occurred 
also  at  the  junction  of  this  experiment  and  the  adjoin- 
ing concrete  pavement.  This  was  apparently  due  to 
expansion  of  the  concrete,  and  the  brick  on  a  strip  2 
feet  wide  across  the  section  are  cracked  and  worn. 
The  brick  of  section  N  are  rough  and  badly  broken. 

The  mortar  grout  is  generally  in  good  condition, 
and  in  several  sections,  notably  those  of  wire-cut 
brick,  the  joints  are  filled  to  the  top.  In  no  case  is 
the  mortar  disintegrated,  but  directly  in  the  traffic 
lanes  some  joints  are  unfilled  to  a  depth  of  about  one- 
quarter  inch.  This  is  particularly  true  of  the  sections 
paved  with  re-pressed  brick. 


No  transverse  cracks  exist  in  the  experiment  although 
a  considerable  number  of  fine  longitudinal  cracks  have 
developed  and  sometimes  extend  through  several  con- 
secutive sections.  However,  they  seem  not  to  have 
affected  the  bahavior  of  the  wearing  surface  which  still 
remains  in  excellent  condition  and  shows  no  evidence  of 
raveling.  Except  for  the  repair  of  defects  directly 
caused  by  subgrade  and  foundation  failure,  mainte- 
nance on  this  experiment  has  been  confined  to  the  filling 
of  these  cracks  with  bituminous  material. 

A  slight  amount  of  pitting  is  noticeable  in  sections 
L  and  N  in  the  traveled  areas  but  on  a  major  portion 
of  the  sections  the  surface  has  the  same  smooth  unworn 
appearance  as  originally. 

At  the  time  of  construction  two  courses  of  brick  from 
each  section  were  measured  before  laying  and  a  record 
made  of  their  thickness  and  location  in  the  pavement. 
In  February,  1928,  a  number  of  these  brick  were  re- 
moved from  the  heavily  traveled  areas  and  measured. 
The  results  of  these  measurements  are  given  in  Table 
10.  Sections  not  appearing  in  the  table  gave  indications 
of  no  wear  and  consequently  were  not  measured. 

Table  10. — Loss   in   thickness   of  brick   taken  from   portions   of 
pavement  subjected  to  greatest  wear 


Section 


Type  of  brick 


Rattler 
loss 


Shale,  wire-cut  lug 

do 

Shale,  re-pressed 

Fire  clay,  re-pressed... 

Shale,  re-pressed 

Fire  clay,  wire-cut  lug. 


Per  cent 
21.12 
16.36 
27.92 
37.68 
38.89 
31.19 


Water 
absorp- 
tion 


Per  cent 
1.39 
1.31 
2.29 
2.38 
4.04 
3.68 


Measured 
wear 


Inch 
0.08 
.00 
.06 
.12 
.20 
.70 


In  a  few  isolated  cases  individual  bricks  show  circular 
scaled  areas  indicative  of  internal  laminated  structure, 
while  some  other  bricks  have  cracked  but  have  not 
spalled  and  would  not  be  noticeable  to  the  casual 
observer. 

With  the  exception  of  section  N  and  the  sections 
located  over  the  unstable  fill,  whose  failure  can  not  be 
attributed  to  the  nature  of  the  surface,  this  experiment 
is  in  excellent  condition. 

No  deterioration  in  the  concrete  base  was  found 
such  as  was  noticed  on  certain  portions  of  experiment 
1-A  although  that  portion  over  the  fill  was  badly 
broken. 
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COMPARATIVE  DATA  ON  TEST  SECTIONS  PRESENTED 

The  accumulated  maintenance  costs  of  the  six  sec- 
tions north  of  Bradley  Lane  are  given  in  Tabic  1,  and 
the  costs  by  years  are  shown  graphically  in  relation  to 
the  traffic  in  Figure  2. 

The  results  of  a  crack  survey  of  all  sections  made  in 
February,  1928,  are  plotted  in  Figures  3  and  4,  and 
digested  in  Table  11. 

Table  12  gives  the  result  of  tests  of  cores  taken  from 
the  concrete  pavements  and  bases,  and  Table  13  shows 
the  results  of  analyses  of  samples  of  bituminous  con- 
crete taken  from  experiments  1  and  2,  the  samples  of 
both  materials  having  been  taken  in  February,  1928. 

The  two  bituminous-concrete  experiments  and  the 
brick  experiment,  exclusive  of  that  portion  over  the 
fill,  have  required  the  least  maintenance  up  to  this 
time  and  are  still  in  excellent  condition  and  to  all 
appearances  should  continue  to  give  economical  service 
for  some  time  to  come. 

On  the  other  hand,  the  concrete  experiments  have 
required  comparatively  heavy  maintenance  and,  with 
the  exception  of  the  north  1,400  feet,  are  in  very  bad 
condition.  To  what  extent  the  deterioration  of  these 
sections  has  been  caused  b}"  the  impact  resulting  from 
the  rough  condition  of  the  surface  which  was  developed 
when  the  surface  mats  were  allowed  to^wear  off  in 
patches,  is  problematical.  That  the  lack  of  mainte- 
nance of  these  mats  has  to  some  extent  caused  cracking 
of  the  pavement,  is  a  probability.     The  maintenance 

Table  11. — Digest  of  condition  survey  made  in  February,  1928 
BITUMINOUS  CONCRETE 


Per  cent  of  section  in- 

Cracking  per  100  feet 

Section  No. 

Class  1  i 

Class  2 ! 

Class  3  3 

Trans- 
verse 

Longi-       pn,nfir 
tudinal      Corner 

1-A 

60 
93 

77 

8 

32 

7 

20 

1 

Feet 
109 
66 
37 

Feel      '  Number 
29               0. 7 

1-B _. 

3                  .7 

2-A 

3 
6 

5 

2-B 

93 

PORTLAND  CEMENT  CONCRETE 


Covered 

with 
surface 
treat- 
ment 

Not 

covered 
with 

surface 
treat- 
ment 

Broken 

Cracking  per  100  feet 

Section 
No. 

Transverse 

Longitudinal 

Covered 

Not 
covered 

Covered 

Not 
covered 

3-A __ 

Per  cent 

Per  cent 
98 
89 
90 
95 
26 
91 
89 
99 
100 
100 
100 
100 

Per  cent 
2 
2 
3 
5 
12 
8 
8 
1 

Feet 

Feet 
424 
277 
296 
215 
405 
270 
369 
219 
127 
127 
40 
57 

Feet 

Feet 
391 

3-B 

9 

7 

23 

388 

3-C 

437 

3-A 

371 

3-B 

4-C. 

62 

1 
3 

106 

76 

187 
517 

5-A 

430 

5-B 

290 

4-D 

252 

5-C 

277 

4-E 

126 

5-D 

125 

BRICK 


r^SHMBkk.rrj' 

SS59SJT 

1 

\ 

.  ' 

w>  ' 

- 

\ 

*■  -r? 

X 


\ 


Section 

A 

B 

c 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

Longitudinal  cracks 
per    100    feet    (in 
feet) 

550 

332 

195 

620 

73 

606 

496 

723 

480 

196 

403 
21 

735 

7 

800 
21 

488 

Per  cent  of  section 
broken  or  replaced. 

31 

1  Smooth,  without  surface  cracking. 
3  Moderate  surface  cracking  and  slightly  uneven. 

1  Excessive  surface  cracking,  marked  unevenness,  maintained  or  patched  areas  in 
combination  or  separately. 


Condition  of  Brick  Sections  in  1928 

work  now  being  done  does  not  improve  the  condition 
of  these  experiments  as  concrete  pavement  but  serves 
somewhat  to  keep  them  serviceable.  In  spite  of  the 
badly  cracked  condition  of  these  sections  there  is  no 
appearance  of  settlement  or  subgrade  failure  and,  for 
this  reason,  those  areas  which  seem  to  have  reached 
their  service  limit  as  a  concrete  pavement  might  econom- 
ically serve  as  a  base  for  some  type  of  surfacing. 
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SYMBOLS  USEO  FOR  SHOWING  CONDITION  OF  DIFFERENT  SECTIONS 
EXPERIMENTS  I  AND  2  -BITUMINOUS  CONCRETE 
-  SMOOTH,  WITHOUT  SURFACE  CRACKING  UNBROKEN  LINES  REPRESENT  CRACKS 


2-  MODERATE  SURFACE  CRACKING  ANO  SLIGHTLY  UNEVEN 

3-  EXCESSIVE  SURFACE  CRACKING.  MARKED  UNEVENESS,  MAINTAINED 
OR  PATCHED  AREAS  IN  COMBINATION  OR  SEPARATELY 


BROKEN  LINES  REPRESENT  CHANGE  IN  CONDITION 
SHAOED  AREAS  REPRESENT  REPLACEMENTS 
•  18- LOCATION  ANO  NUMBER  OF  CORE 


Fig.  3. — Condition  Chart  of  Bituminous  Concrete  Experiments  in  February,  1928 


15+00  MACADAM  REPLACEMENT  16+00 


CEMENT  CONCRETE-GRAVEL-SURFACE  TREATED  3C-+-3A       OIL  CEMENT  CONCRETE-LIMESTONE-SURFACE  TREATED 
30+00  31  +  00        ,„  LELANDST.  32+00 


3A-K3B 
33+00 


ASPEN  ST..    35+00 
2t I 


OIL  CEMENT  CONCf.ETE-GRAVEL-SURFACE  TREATED      38H-4C  OIL  CEMENT  CONCRETE-GRAVEL 


BLACKTHORN  ST  -,    38+00 


CYPRESS  ST  41+00 


CEMENT  CONCRETE-GRAVEL 
43+00 


CEMENT  CONCRETE-LIMESTONE 
45+00  46+00 
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SB-»~40 
46+00 


OIL  CEMENT  CONCRETE-LIMESTONE       4D-KSC 
49+00  .,  50+00 


CEMENT  CONCRETE-LIMESTONE 
51+00 


OIL  CEMENT  CONCRETE -TRAP  ROCK 


CEMENT  CONCRETE-TRAP  ROCK 


52+00             ! 

53+00 

l 

54+00 
I 

55+00 

l 

56+00 

I 

57+00 

l 

3, 

*55p       .      * 

^5=^==^== 

r=x :>— 

==* 

~"      ! — r^ 

-=s= 

'~~~ — !=Z 

1 

1 

1 

1 

C-KD 

60+00 


O-l-E  BRICK 

61  +  00 


C  -t-H  BRICK  H-H 


1-+-J  BRICK         J-i-K 


K-t-L 

SYMBOLS  USEO  FOR  SHOWING  CONDITION  OF  DIFFERENT  SECTIONS 
EXPERIMENTS  3, 4, 5  ANO  6  -  CONCRETE  ANO  BRICK 


UNBROKEN  LINES  REPRESENT  CRACKS 

CROSS-HATCHING  REPRESENTS  SURFACE  TREATMENT  STILL  INTACT 


SHADEO  AREAS  REPRESENT  CRUSHEO  OR  REPLACED  AREAS 
•33-LOCATION  ANO  NUMBER  OF  CORE 


Fig.  4. — Condition  Chart  of  Cement  Concrete  and  Brick  Experiments  in  February,  1928 
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Table  12. — Tests  on  concrete  specimens  taken  from  experiments  north  of  Bradley  Lane  during  February,  1928 


Speci- 
men 
No. 


15,. 


16— 
17— 
18— 
19— 
20— 
21— 
22... 


23—.. 

25—.. 
26— 

27—. 

28_... 

29..... 
30.—  . 
31—. 
32—. 
33_... 
34— 

35—.. 
36—.. 

37.... 
38.... 

39.... 
40.... 

41... 
42.... 
43.... 
44... 
45.... 
46... 

47.... 
48.... 

49... 

50.... 

51.... 
52..-. 

53.... 
54.... 
55.... 

1.... 

3.... 

4.... 

9.... 
10.... 
11.... 
12.... 
13.... 


Experi- 
ment and 
section 


Station 


3-B. 
4-C. 
4-C. 

5-A. 
5-A. 
5-B. 


5-B. 
4-D. 

4-D. 

5-C. 

5-C. 
4-E. 

4-E. 
5-D. 
5-D. 
6-A. 
6-G. 
6-K. 
6-L.. 
6-M. 
6-M. 
6-N.. 
6-N.. 


1-A. 

1-A. 
1-A. 
1-A. 
1-A. 
1-B. 
1-B. 
1-B. 

1-B. 

2-A. 
2-A. 

2-A. 

2-B. 

2-B. 
2-B. 
2-B. 
3-A. 
3-A. 
3-B. 

3-B. 
3-C. 

3-C. 
3-A. 


3-A 

3-B 


0+57 

1+34 

1+8S 
2+00 
2+89 
4+79 
5+00 
5+29 

5+51 

6+55 
6+79 

7+05 

9+85 

10+67 
10+87 
11+75 
12+67 
14+53 
17+77 

18+37 
22+03 

24+55 
25+75 

26+99 
27+51 

29+63 
31+12 
32+34 
35+35 
37+71 
39+14 

41+50 
43+91 

44+54 

44+93 

45+81 
46+47 

47+15 
49+71 
51+92 
52+25. 1 
57+40. 3 
59+75. 4 
60+25. 5 


61+34.  9 
61+34. 9 


Distance 

from  west 

edge 


Feet 
9.5 

2.0 
2.0 

12.0 
16.0 
9.5 
15.0 
17.0 

3.0 

14.0 
11.0 

9.5 

2.0 

4.0 

4.0 
13.0 

6.0 
15.0 

5.0 

9.5 
7.5 

13.5 
15.0 

8.0 
12.0 

13.0 
13.0 
12.0 
9.5 
12.0 
13.0 

9.5 
13.0 

14.0 

9.5 

13.0 
12.0 

7.5 
6.0 
4.0 
4.0 
4.0 
7.3 
7.3 
7.0 
4.0 
7.0 
16.7 


Type 


1:3:7  concrete  base. 
do 


.do. 
.do. 
.do. 


.do. 
.do. 
.do. 


.do. 


.do... 
.do... 


.do. 


.do. 


do 

.do. 
.do. 


1:1%:3,  6-inch  gravel  concrete. - 

do 

1:1%:3,   6-inch  limestone  con- 
crete. 

do 

1:1%: 3,  6-inch  gravel  concrete.. 


do.. 

1:1%:3, 

inches 
.do. 


oil-cement  concrete,  6 
thick  (limestone). 


l:l%:3, 
inches 
.do. 


oil-cement  concrete,  6 
thick  (gravel). 


do... 

do... 

1:1%:3,  i 
.do 


1:1%:3, 
crete. 
.do. 


i-inch  gravel  concrete.. 
6-inch   limestone  con- 


1:1%:3, 
inches 
do... 


oil-cement   concrete  6 
thick  (limestone). 


1:1%:3,   6-inch  limsetone   con- 
crete. 
.do. 


1:1%:3,  oil-cement  concrete, 
inches  thick  (trap) . 
.do. 


1:1%:  3,  6-inch  trap  concrete. 
do 

1:3:7,  base  under  brick 


Depth 
of  con- 
crete 


Inches 


Pounds 

per  square 

inch 


6.0 
5.5 
6.0 
4.75 


5.0 
5.5 

5.0 

5.4 

5.0 
4.0 
6.5 
6.0 
7.0 
5.5 

6.0 
6.0 

5.5 
5.5 

5.5 
5.5 

6.0 
6.0 
5.5 
5.5 
6.0 
5.5 

5.5 
5.75 

5.75 

4.75 

6.75 
7.00 

6.75 

6.75 

6.0 

5.5 

5.3 

5.5 

5.0 

6.5 

4.5 

7.0 


Com- 
pression 

strength 


3,140 
3,380 


3,400 
i  5, 430+ 

6,315 
'5,610+ 

5,550 
'5,280+ 

'  5, 750+ 
5,100 

'  5, 130+ 
4,290 

2,960 
3,240 
4,500 
'  5, 330+ 
1  5, 380+ 
4,520 

'  4, 880+ 
4,050 

3,610 


5,040 
3,870 

4,630 
4,800 
4, 530 
3,380 
3,835 
3,790 
3,660 
3,360 


2,170 
3,210 


Remarks 


Taken  directly  over  transverse  crack;  concrete  base  sound  though  cracked 
transversely. 

Taken  from  badly  cracked  area;  concrete  badly  crushed;  no  core  obtainable 

Same  as  No.  16. 

Base  cracked  horizontally  with  no  surface  indication  of  failure. 

Sound  structurally. 

Taken  from  good  section  of  pavement. 

Taken  from  transverse  crack;  concrete  shattered. 

Top  surface  not  cracked  but  badly  shoved;  concrete  appeared  to  be  weak  and 
disintegrating. 

Top  surfacing  good;  concrete  base  apparently  sound  on  top  3}£  inches;  bottom 
portion  disintegrated. 

Top  surface  good;  base  appears  to  be  somewhat  crushed. 

Top  surface  badly  cracked  and  wavy;  concrete  crushed  and  cracked  in  all 
directions. 

Taken  on  transverse  crack;  surface  good;  concrete  specimen  taken  in  small 
pieces;  base  crushed. 

General  appearance  of  top  good,  but  cracked  where  specimen  was  taken;  con- 
crete crushed. 

Top  good;  concrete  solid  for  first  4  inches;  crushed  and  loose  below. 

Taken  on  transverse  crack;  concrete  shattered. 

Top  and  concrete  in  good  condition. 

Taken  from  badly  cracked  area. 

Taken  from  uncracked  slab  7  by  15  feet. 

Taken  from  badly  cracked  area. 

Taken  from  good  section;  uncracked  slab  9  by  51  feet. 

Taken  in  nest  of  cracks;  general  appearance  bad;  core  taken  from  slab  not  over 

18  inches  square. 
Taken  from  uncracked  slab  5  by  18  feet 
Taken  from  uncracked  slab  8  by  33  feet. 

Taken  in  nest  of  cracks;  slab  measured  10  by  24  inches. 
Taken  in  nest  of  cracks;  slab  measured  12  by  24  inches. 

General  appearance  in  vicinity  of  specimen  good;  core  porous. 

Taken  from  slab  4>£  by  15  feet;  core  porous. 

Taken  in  nest  of  cracks. 

Taken  in  nest  of  cracks;  surface  cracked  in  all  directions. 

Taken  from  slab  6  by  6  feet. 

Taken  from  slab  10  by  20  feet. 

Taken  in  nest  of  cracks;  surface  cracked  in  all  directions. 

Taken  from  slab  8  by  38  feet;  adjacent  surface  not  so  badly  cracked. 

Taken  in  nest  of  cracks  from  slab  \lA  by  3  feet;  surface  badly  cracked;  core 

porous. 
From  small  slab;  road  badly  cracked  in  network;  core  too  short  for  test. 

Surface  generally  good;  core  from  slab  9H  by  \5\i  feet. 

Surface  generally  good;  core  from  slab  7  by  69  feet;  core  slightly  porous 

Surface  generally  good;  core  1  foot  from  transverse  crack. 

Surface  generally  good  but  slightly  pitted. 

Surface  generally  good 

Base  concrete  in  the  brick  sections  did  not  show  indications  of  disintegration 

excepting  on  the  west  side  of  sections  K,  L,  M,  and  N  where  it  was  badly 

broken  over  the  fill. 


'  Maximum  load  applied  and  specimen  not  broken.    Variation  in  maximum-load  value  due  to  factor  applied  to  correct  for  height  of  specimen. 

Table  13. — Results  of  analyses  of  samples  taken  during  February,  1928,  from  the  bituminous  concrete  Experiments  1  and  2,  north  of 

Bradley  Lane 


Laboratory  No. 
Identification... 


Taken  from  section. 
Condition 


Thickness  of  sample- 


Bitumen  extracted 

Pass  1%-inch  screen,  retained  on  1-inch  screen.. 
Pass  1-inch  screen,  retained  on  %-inch  screen... 
Pass  M-inch  screen,  retained  on  H-inch  screen.. 
Pass  J^-inch  screen,  retained  on  %-inch  screen .. 
Pass  %-inch  screen,  retained  on  10-mesh  sieve.. 
Pass  10-mesh  sieve,  retained  on  20-mesh  sieve... 
Pass  20-mesh  sieve,  retained  on  30-mesh  sieve... 
Pass  30-mesh  sieve,  retained  on  40-mesh  sieve... 

Pass  40-mesh  sieve,  retained  on  50-mesh  sieve 

Pass  50-mesh  sieve,  retained  on  80-mesh  sieve 

Pass  80-mesh  sieve,  retained  on  100-mesh  sieve.. 
Pass  100-mesh  sieve,  retained  on  200-mesh  sieve. 
Pass  200-mesh  sieve 


29947 
No.  16 

1-A 

Poor 
(cracked) 
Average 
1J4  inches 


Per  cent 
6.8 


9.0 
21.0 
22.6 
7.0 
5.5 
4.0 
4.8 
2.3 
3.5 
13.5 


2'.<'.i4s 
No.  18 

1-A 
Good 

1%  to  2A 
inches 


Per  cent 
6.8 


10.8 
22.0 
21.4 
6.4 
5.0 
3.6 
4.3 
2.0 
3.5 
14.2 


29949 
No.  20 

1-B 

Good 

2Hto2A 

inches 


Per  cent 
8.0 


4.0 
14.2 
15.0 
17.8 
6.2 
4.8 
4.0 
5.3 
2.0 
3.7 
15.0 


29950 

No.  23 

(thin) 

1-B 

Shoved 

1  tolJ4 
inches 


Per  cent 
8.2 


2.6 
12.0 
13.7 
17.7 
6.2 
5.2 
4.5 
6.0 
2.2 
6.6 
15.1 


29951 
No.  23 
(thick) 

1-B 
Shoved 

2Hto3 
inches 


Per  cent 
7.6 


4.0 
11.8 
16.4 
18.0 
6.4 
5.2 
4.2 
5.8 
2.0 
5.9 
12.7 


29952 
No.  24 

2-A 
Good 

2%  to  2% 
inches 


Per  cent 
6.0 


9.2 

16.5 

16.6 

15.6 

9.6 

3.4 

3.8 

4.0 

5.0 

1.2 

3.0 

6.1 


29953 
No.  26 


2-A 
Poor 


29954 
No.  28 


2-B 

Poor 


(cracked)  I  (cracked) 
Average  I  Average 
l}4  inchesl  2  inches 


Per  cent 
5.6 


0.8 

5.0 

19.6 

25.4 

13.8 

4.0 

4.2 

4.0 

4.7 

1.4 

2.8 

8.7 


Per  cent 
5.4 


17.2 
9.9 
18.2 
15.2 
9.4 
3.1 
3.0 
3.0 
3.8 
1.4 
3.0 
7.4 


29955 
No.  29 

2-B 
Good 

2to2H 
inches 


Pa 


cent 

5.2 

6.9 

11.7 

6.4 

18.6 

15.4 

9.6 

3.3 

3.2 

3.2 

4.2 

1.2 

3.7 

7.4 


A  CANTILEVER  TESTING  APPARATUS  FOR  MORTAR 

BEAMS 

Reported  by  D.  O.  WOOI.F,  Junior  Materials  Engineer,  Division  of  Tests  United  States  Bureau  of  Public  Roads 


THE  Division  of  Tests  of  the  Bureau  of  Public 
Roads  has  recently  designed  an  apparatus  for 
testing  cement  mortar  beams  under  cantilever 
loading  which  is  similar  in  a  general  way  to  that  devel- 
oped by  the  Illinois  Department  of  Public  Works  for 
tests  of  concrete  and  described  by  H.  F.  Clemmer  in 
the  May,  1926,  issue  of  Public  Roads.  The  apparatus 
was  designed  to  furnish  a  more  rapid  method  of  testing 
mortar  beams  in  flexure  and  which  could  be  employed 
in  laboratories  not  equipped  with  a  universal  testing 
machine  of  sufficient  sensitivity  to  test  such  beams. 


Apparatus  for  Testing  Beams  as  Cantilevers 

The  apparatus  consists  of  a  clamping  device  to  hold 
the  beam  securely  and  an  extension  arm  which  fastens 
on  the  end  of  the  beam  and  transmits  the  load  as  shown 
in  Figure  1.  The  beam  may  be  loaded  by  any  means 
that  is  at  hand.  In  the  bureau  laboratory,  No.  12 
lead  drop  shot  are  used  to  apply  the  load.  The  shot 
are  fed  from  a  reservoir  fastened  to  the  wall,  and 
equipped  with  a  quick-action  valve  which  opens  com- 
pletely by  moving  the  control  handle  through  a  60°  arc. 

The  two  thumbscrews  shown  in  the  clamping  device 
bear  on  a  steel  plate  three-eighth  inch  thick,  which 
rests  on  the  specimen.  The  beam  is  tested  in  the  same 
position  that  it  is  molded,  i.  e.,  with  the  troweled  surface 
up.  Slight  irregularities  in  the  troweled  surface  have 
70 


where 


where 


prevented  an  even  distribution  of  stress  over  the  surface 
exposed  to  restraint,  and  have  consequently  given  poor 
breaks  with  an  accompanying  wide  variation  in  test 
results.  To  overcome  this,  a  piece  of  sheet  rubber 
one-eighth  inch  thick  is  placed  between  the  bearing 
plate  and  the  specimen.  This  has  given  very  good 
results. 

The  test  spechnens,  2  by  3  by  12  inch  beams,  are  made 
in  steel  molds.  The  use  of  such  molds,  with  carefully 
machined  surfaces,  is  considered  highly  advisable. 

Computations  of  the  modulus  of  rupture  are  made 
using  the  formula 

<,    Mc 

5= modulus  of  rupture,  in  pounds  per  square  inch, 
Af  =  bending  moment  in  inch-pounds, =  Wik+Wik 

PFi  =  test  load,  in  pounds 

Zi  =  distance  of  load  from  support  =  18.12  inches, 

W%=  weight  of  arm, 

Z2  =  distance  of  center  of  gravity  of  arm  from  support, 
c  =  distance  of  extreme  fiber  from  neutral  axis,  or  V/% 

inches, 
/  =  moment  of  inertia  of  cross  section  of  beam  about  its 

central  horizontal  axis. 

Substituting  the  particular  constants  which  applied 
for  these  tests,  and  neglecting  the  weight  of  the  over- 
hanging beam  we  have, 

S  =  12A  +  6.04Wi  (pounds  per  square  inch) 

Neglecting  the  weight  of  the  overhanging  section 
of  the  beam  is  in  accordance  with  the  usual  practice  in 
testing  beams  for  flexure  under  center  loading. 

To  demonstrate  the  suitability  of  this  apparatus  for 
testing  beams,  four  series  of  beams  were  prepared  for 
comparative  tests  in  the  cantilever  apparatus  and  in  a 
universal  testing  machine  under  center  loading.  Each 
series  included  five  or  six  18-inch  beams  for  test  under 
center  loading,  and  an  equal  number  of  12-inch  beams 
for  test  in  the  cantilever  apparatus.  Series  B,  C,  and 
D  were  made  of  a  1  :  3  mix  and  series  A  of  a  1  :  2  mix 
using  Potomac  River  sand  in  all  series.  Series  A  was 
tested  at  an  age  of  14  days,  series  B  at  28  days,  and 
series  C  and  D  at  7  days. 

The  various  series  were  made  in  the  laboratory  as 
time  permitted.  Because  of  the  small  number  of 
molds  available,  no  effort  was  made  to  tie  the  four 
series  together.  In  series  A,  each  specimen  was  made 
from  a  separate  batch,  the  18-inch  beams  being  made 
first.  Inspection  of  the  test  results  of  this  series  indi- 
cates that  the  water-cement  ratio  may  not  have  been 
exactly  constant  for  the  two  sizes  of  beams.  When 
tested  as  cantilevers,  the  halves  of  the  original  18-inch 
beams  check  the  center  loading  tests,  whereas  the 
12-inch  beams  tested  as  cantilevers  show  somewhat 
lower  values.  To  guard  against  this,  and  to  furnish  a 
better  comparison  between  the  two  methods  of  testing, 
in  series  B,  C,  and  D  each  18-inch  and  the  corresponding 
12-inch  beam  were  molded  simultaneously  from  the 
same  batch. 
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The  18-inch  beams  were  tested  in  an  Olsen  universal 
testing  machine  of  40,000  pounds  capacity.  A  small 
beam  rider  was  used  which  decreased  the  machine 
ratio  by  10,  and  permitted  accurate  reading  of  the 
applied  load  to  the  pound.  A  span  of  15  inches  was 
used  and  the  beams  were  mounted  on  rockers  in  accord- 
ance with  approved  practice.  The  rate  of  applica- 
tion of  the  load  was  such  that  the  modulus  of  rupture 
developed  at  an  average  rate  of  about  100  pounds  per 
square  inch  per  minute.  The  broken  halves  were 
then  tested  in  the  cantilever  apparatus  to  serve  as  a 
check.     These  last  tests  are  shown  in  Tables  3  and  4. 

The  12-inch  beams  were  tested  in  the  cantilever 
apparatus,  applying  the  load  at  a  rate  of  15  pounds 
per  minute.  This  produced  a  stress  increasing  at  the 
rate  of  102  pounds  per  square  inch  per  minute.  Two 
breaks  were  made  on  each  beam.  The  beam  was  in- 
serted in  the  clamping  device  and  the  extension  arm 
hung  on  the  free  end  of  the  beam.  The  beam  was 
then  so  adjusted  that  the  base  of  the  extension  arm 
was  one-sixteenth  of  an  inch  from  the  clamping  device. 
This  space  is  the  minimum  sufficient  to  permit  flexure 
without  binding.  The  beam  was  then  firmly  fastened 
and  loaded  to  failure.  The  breaking  load  was  weighed 
to  the  nearest  tenth  of  a  pound. 

Tables  1  to  3  give  the  breaking  load  and  computed 
moduli  of  rupture  for  each  individual  specimen. 
Table  4  presents  a  summation  of  the  strengths, 
together  with  the  mean  variation  from  the  average 
for  each  series. 

There  appears  to  be  little  variation  between  the 
test  results  obtained  by  the  two  methods  of  testing. 
The  strengths  obtained  are  essentially  the  same  and 
the  variation  found  between  individual  breaks  aver- 
ages the  same  in  each  case.  It  may  be  said  that  the 
testing  of  mortar  beams  can  be  performed  as  accu- 
rately with  this  cantilever  device  as  by  the  customary 
method  in  the  universal  machine. 

The  retests  of  the  18-inch  beams  are  of  interest 
since  they  demonstrate  that  specimens  broken  under 
center  loading  may  be  checked  by  test  of  the  two 
halves  in  the  cantilever  apparatus.  In  a  series  of 
tests  extending  over  several  periods  of  testing,  one 
18-inch  beam  could  be  tested  at  three  different  ages, 
the  first  test  being  by  the  center-loading  method,  and 

Table  1. — Results    of   tests    under    center    loading    in    universal 
machine  using  15-inch  span 


Series  A,  mix  1:2, 
age  14  days 

Series  B,  mix  1:3, 
age  28  days 

Series  C,  mix  1:3, 
age  7  days 

Series  D,  mix  1:3, 
age  7  days 

Break- 
ing 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

3reaking 
load 

Modulus 
of  rup- 
ture 

Pounds 
487 
435 
416 
396 
438 

Lbs.  per 
sq.  in. 
608 
544 
520 
495 
547 

Pounds 
415 
420 
420 
379 

Lbs.  per 
sq.  in. 
519 
525 
525 
474 

Pounds 
320 
316 
315 
320 
383 

Lbs.  per 
sq.  in. 
400 
395 
394 
400 
476 

Pounds 
308 
363 
345 
332 
318 

Lbs.  per 
sq.  in. 
385 
454 
431 
415 
398 

Average...  543 

Average 511 

Average 413 

Average 417 

Table  2. — Results  of  tests  of  12-inch  beams  in  cantilever  apparatus 


Series  A,  mix  1:2, 
age  14  days 

Series  B,  mix  1:3, 
age  28  days 

Series  C,  mix  1:3, 
age  7  days 

Series  D,  mix  1:3, 
age  7  days 

Break- 
ing 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Pounds 
85.0 
82.0 
Sfi.  5 
88.5 
77.5 
85.0 
79.0 
87.0 
78.5 
78.0 
90.0 
82.0 

Lbs.  per 
sq.  in. 
526 
508 
535 
547 
481 
526 
490 
538 
487 
484 
556 
508 

Pounds 
86.3 
84.5 
76.7 
84.0 
85.0 
81.3 
79.0 
81.3 
77.5 

Lbs.  per 
sq.  in. 
533 
522 
475 
519 
525 
503 
489 
503 
480 

Pounds 
69.5 
74.0 
63.5 
63.5 
63.5 
59.2 
66.0 
68.5 
64.5 
64.0 

Lbs.  per 
sq.  in. 
432 
459 
396 
396 
396 
370 
411 
426 
402 
399 

Pounds 
72.0 
69.5 
67.0 
68.5 
66.0 
73.2 
61.0 
58.5 
76.0 
64.0 

Lbs.  per 
sq.  in. 

447 

432 

417 

426 

411 

455 

381 

366 

472 

399 

Average...  516 

Average 505 

Average 409 

Average 421 

Table  3. — Results  of  tests  of  9-inch  beams  in  cantilever  apparatus 


Series  A 

,  mix  1:2, 

Series  B, 

mix  1:3, 

Series  C, 

mix  1:3, 

Series  D, 

mix  1:3, 

age  14  days 

age  28  days 

age  7  days 

age  7  days 

Break- 
ing 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Breaking 
load 

Modulus 
of  rup- 
ture 

Lbs.  per 

Lbs.  per 

Lbs.  per 

Lbs.  per 

Pounds 

sq.  in. 

Pounds 

sq.  in. 

Pounds 

sq.  in. 

Pounds 

sq.  in. 

84.0 

518 

82.0 

507 

62.5 

389 

63.0 

393 

87.0 

538 

88.3 

545 

62.5 

389 

72.0 

447 

87.5 

541 

83.3 

515 

74.0 

459 

71.0 

441 

91.0 

562 

71.3 

442 

65.0 

405 

70.0 

435 

88.5 

547 

87.3 

539 

61.5 

384 

72.0 

447 

89.0 

550 

89.0 

549 

65.2 

406 

63.5 

396 

100.0 

616 

83.7 

518 

58.0 

363 

73.0 

453 

80.0 

496 

81.3 

503 

58.0 

363 

66.0 

411 

96.5 

595 

76.5 

474 

\  72.5 

450 

69.0 

429 

94.0 

570 

67.5 

420 

71.5 

444 

Averas 

;e—  553 

Average 

....  510 

Average 

403 

Average 

....  430 

Table  4. — Average  results  of  tests  of  each  series  and  mean  deviation 
from  average 


Center  loading 

Cantilever,  12-inch 
beams 

Cantilever,  9-ineh 
beams 

Series 

Average 
modulus 

of 
rupture 

Mean 

deviation 

from 

average 

Average 
modulus 

of 
rupture 

Mean 

deviation 

from 

average 

Average 
modulus 

of 
rupture 

Mean 

deviation 

from 

average 

A - 

Lbs.  per 
sq.  in. 
543 
511 
413 
417 

Per  cent 
5.2 
3.5 
6.1 
5.0 

Lbs.  per 
sq.  in. 
516 
505 
409 
421 

Per  cent 
5.2 
3.4 
4.6 
6.2 

Lbs.  per 
sq.  in. 
553 
510 
403 
430 

Per  cent 
4.7 

B  - 

5.0 

C 

6.2 

D 

4.2 

5.0 

4.8 

5.0 

the  other  two  by  cantilever  action.  Such  a  method 
would  furnish  a  more  accurate  index  of  the  effect  of 
age  than  could  be  obtained  with  three  different  speci- 
mens with  the  accompanying  uncertainty  of  identical 
preparation. 

Working  drawings  of  the  cantilever  apparatus  may 
be  obtained  upon  request. 
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THE  VIRGINIA  DEMONSTRATION  ROAD 

A  DESCRIPTION  OF  THE  PROJECT  AND  DATA  RECORDED  DURING  CONSTRUCTION 

Reported  by  A.  C.  BENKELMAN,  formerly  Associate  Research  Specialist,  Division  of  Tests,  U.  S.  Bureau  of  Public  Roads 

HE  Virginia  demonstration  road  was  constructed    various    construction    activities.     A    field    camp    was 
to    determine    the    influence    of    a    number    of    established  in  the  fall  of  1925  at  the  quarry  on  project 
materials  and  methods  of  construction  upon  the    336  C  (station  485)  and  served  as  the  operating  base 
behavior  and  life  of  concrete  pavements.     It  consists    for  the  construction  of  projects  336  C  and  D.     The 
of  60  sections  varying  in  length  from  100  feet  to  1  mile,    camp  was  moved  during  the  summer  of  1927  to  a  new 
and  with  an  aggregate  length  of  12  miles.     The  work    quarry  site  on  project  336  E   (station  900)   and  con- 
has  been  done  as  a  Federal-aid  project  by  the  Virginia    struction  of  this  project  carried  on  from  this  point. 
State    Highway    Commission    under    the    direction   of 
Henry  G.  Shirley,  chairman,  and  ('.  S.  Mullen,  chief 
engineer,  and  is  known  as  project  336,  sections  C,  D, 
and  E. 

The  location  is  on  the  main  route  from  Washington, 
D.  C,  to  the  VahVy  of  Virginia  between  Fairfax  and 
Warrenton  and  crosses  the  famous  Bull  Run  battle- 
field. Previous  reports  have  been  made  concerning 
the  construction  of  this  project.1 

OBJECT  OF  THE  INVESTIGATION  DISCUSSED 

As  indicated  by  the  number  of  sections  constructed, 
the  experiment  embraces  a  large  number  of.  variables. 
The  slab  cross  section  was  varied  in  several  instances, 
but  study  of  this  factor  was  not  a  primary  object,  since 
the  efficiency  of  the  standard  Virginia  cross  section 
(8  inches  thick  at  the  edge,  6  inches  thick  at  the  center, 
and  18  feet  wide)  was  not  in  question  in  this  investiga- 
tion. It  was  desired  primarily  to  learn  the  relative 
benefits  or  adverse  effects  of  different  aggregates, 
different  admixtures,  different  types  and  weights  of 
reinforcement,  different  methods  of  finishing,  various 
methods  of  curing,  and  different  methods  now  used  for 
the  control  of  transverse  and  longitudinal  cracking. 

In  order  to  properly  evaluate  these  variables,  there 
was  included  also  a  study  of  the  influence  of  such  factors 
as  subgrade  conditions,  climatic  conditions  during  con- 
struction, the  consistency  and  water  content  of  the 
concrete  mixes,  and  the  strength  of  the  concrete  as 
indicated  by  tests  on  cylinders,  core?,  and  beams. 

GENERAL  FEATURES  OF  PROJECT  DESCRIBED 

The  new  road  in  general  follows  the  horizontal  align- 
ment of  the  old  Warrenton  Turnpike.  The  vertical 
alignment  was  modified  to  such  an  extent  that  in  only 
a  very  few  instances  does  the  new  surface  rest  directly 
upon  the  old  roadbed.  The  original  road  was  in  exist- 
ence at  the  time  of  the  Civil  War  and  perhaps  many 
years  prior  to  that  period.  It  has  been  improved  from 
time  to  time  and  has  served  as  a  line  of  travel  to  the 
Valley  of  Virginia  from  the  east.  The  earlier  improve- 
ments involved  the  construction  of  a  stone  base  and 
sand-clay  or  broken  shale  surface.  The  character  and 
thickness  of  the  base  depended  apparently  upon  the 
nature  of  the  subgrade  encountered.  Large  bowlders 
were  used  for  the  sub-base  in  the  clay  soils  and  poorly 
drained  areas  and  shale  fragments  were  used  in  other 
locations. 

The  new  road  was  built  with  State  equipment  and 
convict  labor.  A  superintendent,  acting  under  the 
direction  of  the  resident  and  district  engineers  of  the 
State    highway    commission,    was    in    charge    of    the 

1  HOGEXTOGLER,      C.      A.      VIRGINIA      BUILDING      DEMONSTRATION      ROAD.      Public 

Roads,  vol.  7,  No.  6,  Aug.,  1926. 

Albright,  J.  C.    Virginia  demonstration  road     Proceedings  of  Sixth  Annual 
Meeting  of  the  Highway  Research  Board.  Dec.  2,  1926. 
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Materials  were  proportioned  from  stock  piles  at  the 
respective  operating  bases  and  were  transported  to  the 
mixer  in  trucks.  The  concrete  was  mixed  with  a 
4-bag  21-E  Koehring  paver  equipped  with  a  batch 
meter  and  water-control  mechanism.  The  water  was 
pumped  to  the  paver  from  near-by  streams  and  was 
generally  clear,  free  from  impurities,  and  gave  a  satis- 
factory strength  ratio  in  all  tests. 

The  maximum  grade  of  the  new  pavement  is  7  per 
cent.  There  are  only  a  few  changes  in  alignment  in 
the  entire  road  and  these  are  so  slight  that  the  pavement 
is  not  superelevated. 

The  Virginia  specifications  require  a  6-foot  shoulder 
on  fills  with  an  embankment  slope  of  1^2  to  1  and  a 
7-foot  shoulder  in  cuts  with  a  slope  of  1  to  1.  The 
shoulders  are  composed  of  the  natural  soil  with  a  slope 
of  one-half  inch  to  the  foot. 

MANY   VARIABLE  FEATURES  INCLUDED   IN   DESIGN 

Table  1  shows  the  character  of  the  various  sections, 
listing  the  general  and  special  features,  the  length  and 
location  by  stations,  and  date  of  construction.  The 
major  differences  in  the  details  of  the  section  are  as 
follows: 

1.  Three   cross   sections,   8-6-S,    9-7-9, 
uniform. 

2.  Three   methods   of    finishing — hand, 
and  machine  (Ord  and  Lakewood). 

3.  Five    admixtures — hydra  ted    lime 
cent),  Celite  (3  per  cent),  diatomai  arth  (3  and 
4   per  cent),   calcium  chloride    (2    per  cent),   and    Cal 
(5  per  cent). 

4.  Five  methods  of  curing  wet  earth,  calcium 
chloride,  and  sodium  silicate  (surface),  calcium  chloride 
and  Cal  (in  the  mix). 
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Table  1  — 

-Details 

of  various  sections 

Federal- 
aid 
project 

and 

.section 
No 

Length 

Station 

Date  of  construc- 
tion 

Cross 
section 

Finish 

C  uring 

Admixtures 

Materials 

From— 

To— 

To— 

Cement 

Fine 
aggre- 
gate 

Coarse 

aggregate 

Feel 

3.  935.  0 

1,358.0 

527.  5 

100.0 

762.  5 

3,  880  (I 

1,522.5 

860.5 

552.  0 
:   625  0 

475.  0 

120.0 

365.0 

87.0 

308.  0 

53.0 

77  0 

120.0 

685.  0 

200.0 

422.5 

625.  0 

737.  5 
2,  780.  0 

123.0 
611.0 
4IH    0 

439.  0 

I,  189  ii 

522.0 
1,002.0 

1,665  ii 

247.  0 

1.  170.0 
105.  o 

1,473.0 
1,  530. 0 

587.  0 

940.0 

977.0 
1,506.0 

1,4911.0 

5i.  a. 

1,424.0 
1,513.0 
1,  520.  0 

633  0 

837  n 

SMI    l| 

620.0 

670  ii 

1,340  'I 

1,311.0 

1,247.0 

I.  190.0 

1,  108.0 

1,333:0 

1     927.0 

1      liiii  ii 
1,579.0 

1,303.0 

1,  150.0 

293+00.  0 
332+35.  0 
351  +  10.0 
356+37.5 
357+37.  5 
365+00.  0 
404+80.  0 

420+02.  5 

428+63.  0 
434+15.0 
450+40.  0 
452+45.  0 
457+20.  0 
458+40.  0 
462+05.  0 
462+92.  0 
466+00.  0 
466+53.  0 
467+30.  0 
468+50.  0 

475+35.  0 
477+35.0 

481+57.5 

4*7  |  B2    i 
495+20.  0 

523+00.  0 

524+23.  0 

531+77.0 

536+68.  0 
541+07.0 

552+96.  0 
558+18.0 

568+20.  0 

584+85.  0 

587+32.  0 
599+02.  0 

600+07.  0 
614+80.0 

630+10.0 

635+97.  0 

645+.-17.  0 

655  +  14.0 

670+20.  0 

685+10.0 
685+61.  0 
699  '  85  ii 
714+87.0 

730+00.  0 

745+20.0 
751+53.0 

759+90.  0 
76S+70.  0 
774+90.  0 

781  t  'ill  (I 
795+00.0 

MIS    |    11.0 

0  r58.0 
834+02.0 
B45+92.0 
800+00.  0 
981+29.0 
996+75.0 
1,001+35.0 

1,017+11.0 

,s   o 

332+35.  0 
351  +  10.0 
356+37.  5 
357+37.  5 
365+00.  0 
404+80.  0 
420+02.  5 

428+63.  0 

434  +  15.0 
450+40.  0 
452+45.  0 
457+20.  0 
458+40.  0 
462+05.  0 
462+92.  0 
46ii+00.  0 
466+53.  0 
467+30.  0 
468+50.  0 
475+35.0 

477+35.  0 
481+57.5 

487+82.  5 

495+20.  0 
523+00.  0 

524+23.  0 

530+34.  0 

536+68.  0 

541+07.0 
552+96.  0 

558+18.0 
568+20.  0 

584+85.  0 

587+32.  0 

599+02.  0 
600+07.  0 

614+80.0 
630+10.0 

635+97.  0 

645+37.  0 

655+14.0 

670+20.  0 

685  +  10.0 

685+61.  0 
699+85.  0 
714+87.0 
730+00.  0 

745+20.  0 

751  +  53.0 
759+90.  0 
768+70.  0 
774+90.  0 
781+60.0 

795+00.  0 

808+11.0 

820+58.  0 
83  1  H)2.  0 
845+92.  0 
800+00.  0 
873+33.  0 
990+56.0 
1,001+35.0 
1.017  +  11.  0 

1,030+17.0 

1,057+Qg-O 

1926 
May    6 
May   19 

May  2.5 
d" 
do 

June    14 

June   19 

June  22 
June  23 
June  28 
June   29 
June  30 
...do 
July     l 
July     2 
.     do     . 

do 

do 
July     6 

July     7 

July     8 

July     9 

July    12 

Apr.    21 

1927 
May  27 

May  25 

May  23 

Maj  21 

May  16 

May   12 
May    7 

May     2 

May    3 

1920 
Nov.  13 

Nov.    8 

Nov.    3 
Oct.    28 

Oct.    27 

Oct.    211 

Oct.     15 

I  let .       9 

'HI          1 

Sept.   25 
Sept.   21 
Sept,    16 

Sept.  n 

Sept,     3 

Sept       1 
Aug.    2* 
Aug.    13 
Aug.    11 
Aug.      9 

Aug.     2 

1927 

June  -"i 

Julv     1 
July     9 

Julv    14 
Julv    20 
July    23 

Auk.  30 
Aug.    24 
Aug.    11 

1926 
May  19 
May  22 
May  24 
Maj   25 

Ma>    20 
June    14 

.lime    18 

June  22 

June  23 
June  26 
June  28 
June  30 
...do 
Julv     1 
..do 
Julv      2 
do 

...do 

...do.i:. 
July     7 

..do 

July     9 

July    10 

Julv    13 
Apr.   27 

1927 
May  27 

...do 

May  24 

Maj   23 

May  20 

May  it 

May    12 
May     7 
May    3 

1920 

May    2 

Nov.    8 

Nov.    S 
Nov.    3 

Nov.  28 

Nov.  23 

_--do 

Nov.  15 

Nov.     9 

Sept.  25 
Sept     24 
Sept.  21 
Sept.  ii. 

Sept.  11 

.-.ill      :; 
Aug.    31 
Aug.    28 
Aug.    13 
Aug.    11 

Aug.     9 

1927 
•Inly      1 

July     o 
Julv    14 
July    18 
Julv    22 
.1  ills     20 
Sept.    3 

Sept      2 

Sept.  2: 

Sept.   it; 

8-6-8 
8-6-8 
8-6-8 
8-6-8 
8-6-8 
8-6-8 
8-6-8 

8-6-8 

8-6-8 
8-6-8 
8-6-8 
-     8-6-8 
8-6-8 
'     8-6-8 
8-6-8 
8-6-8 
8-6-8 
8-6-8 
8-6-8 
7-inch  uni- 
form, 
do 

Vibrolithic. . 

do 

A 
A 
A 
A 
A 
A 
A 

A 

A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
A 
A 

B 
B 

B 

A 
A 

A 

A 

A 

A 
A 

A 
A 

A 

A 

A 

High 
alumina 

A 

A 

A 

A 

A 

A 

A 

A 
A 
A 
A 

A 

A 
A 
A 
A 

A  and  B 

A  and  B 

A 

A 
A 
A 
A 
A 
A 
A 
A 

A 

A 

A 
A 
A 
A 
A 
A 
A 

A 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 

A 

A 

A 
A 

B 

B 

B 

B 
B 

B 

B 

n 

B 

B 

B 

B 
B 

B 

B 

B 

B 

B 

B 

B 
B 
B 

B 

B 
B 
B 
A 
A 

A 

B 
B 

B 
B 
B 
B 
B 
B 
B 

B 

B 

Stone  A 

do. 

do 

do... 

do 

do 

do 

do 

do.. 

do 

do 

do 

do 

do 

do. 

do 

do 

do 

do 

do... 

do. 

do 

do 

do.. 

do 

do! 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do. 

do 

do. 

do 

do 

do 

do 

do     

do 

do 

do 

do 

do 

do 

do 

...do 

do 

(travel  No.  2. 

.   .-do 

Gravel  No.  1. 
do 

Stone  B 

do 

do 

do 

do 

---do - 

do 

do     . 

3... 

4 

Hand 

do  .. 

do 

..do 

5  per  cent  lime 

8  per  cent  lime 

5  per  cent  lime 

5... 

do 

do 

do 

do 

do 

do 

do 

• 
s 

do 

9 

do  

do 

1(1 

do  .. 

do... 

3  per  cent  Celite 

11 

do     . 

do     . 

12 

do 

do 

13 

do 

do 

14 

do 

do 

15 

do 

.  do 

16 

do 

...do... 

17 

18.. 

19 

do 

'in - 

do 

do 

do 

do.   . 

20.. 

do 

do 

21.. 

do 

do 

22.. 

do 

8-6-8 

8-6-8 
8-6-8 

8-6-8 

8-6-8 

8-6-8 

8-6-8 
8-6-8 

8-6-8 
8-6-8 

7-inch  uni- 
form. 
8-  6-8 

8-6-8 
8-6-8 

8-6-8 
8-6-8 

8-6-8 

8-6-8 

8-6-8 

8-6-8 

-  6  - 

8-6-8 
8-6-8 

8-6-8 

8-6-8 

9-7-9 
9-7-9 
8-6-8 

-  i,  i 
8-6-8 

8-6-8 

s-o  8 
8-6-8 
8  i.  8 
8-6-8 

8-6  s 

do 

.  do 

23.. 
24.. 

do. 

.do 

2  per  cent  calcium 
chloride  mixed, 
do 

2   per   cent    calcium 
chloride, 
do 

25.. 

do 

Ord 

do  

Wet  earth  ...  

336,  D: 
26A 

3  per  cent  Celite 

4  per  cent  diatoma- 
ceous  earth. 

3  per  cent  diatoma- 
ceous  earth, 
do 

26B 

do 

•26C 
26D 

....do 

do 

do 

.    do 

27 

do 

do 

28A 

do 

do 

28B 

.   .do 

do 

29 

do 

do 

30A 

..do 

do 

30B 

do 

Lakewood... 

do 

do 

do 

31 

Wet  burlap.  24  hours 
only. 

Wet  earth...  

32 

33 

do 

34 

do 

do 

do. 

2    pounds    calcium 
chloride  (surface). 

2  per  cent  calcium 

chloride,  mixed. 
do 

• 

3SB 

2  pci   .cut   calcium 
chloride. 

do 

30 

do.. 

do 

Wet  earth 

37  A 

do 

37B 

Ord .' 

h....:do... 

:is 

..    do 

do 

39 

40 

do 

do 

.     ..     do. 

do.... 

3  per  cent  Celite  ... 

41 

do 

do 

12A 

Hand 

do 

12H 

Ord 

do 

13  \ 

....do 

do 

43B 
14 

do 

do 

do 

do 

45.. 

do 

do 

336,  E: 

40A 

do 

do 

46B 

do 

do 

47B 

do 

do 

do 

do... 

48B 
49.. 

do 

do 

do 

.   do 

do _ 

do 

50.. 

....     do    

do 

do 

Sodium  silicate  (sur- 
face) . 

2  per  cent  calcium 
chloride,  mixed. 

5  per  cent  Cal., 
mixed. 

2  per  cent  calcium 
chloride. 

5  1 it  Cal 

1  No  correct  a;n  for  bull 


2  Corrected  for  sand  hulking. 


June,  1928 


PUBLIC    ROADS 


75 


of  Virginia  demonstration  road 


Mix 

Joints 

• 

Transverse 

Longitudinal 

Planes  of  weaicness 

Subgrade  treatment 

Type 

Per 

100 

square 

feet 

Construction 

Expansion 

Transverse 

Longitudi- 
nal 

Nature 

Location  (stations) 

11:2:4 
•  1:2:4 
i  1:2:4 
i  1:2:4 

1  1:2:4 
1  1:2:4 
11:2:4 

1  1:2:4 

'1:2^:3)4 

■  1:2:4 
i  1:2:4 

■  1:2:4 
i  1:2:4 
i  1:2:4 
il:2:4 
1  1:2:4 
i  1:2:4 
i  1:2:4 
'  1:2:4 
i  1:2:4 

'  1:2:4 
i  1:2:4 

i  1:2:4 

1  1:2:4 
i  1:2:4 

2  1:2:4 

2  1:2:4 

-'  1:2:4 

2  1:2:4 
2  1:2:4 

2  1:2:4 

-'  1:2:4 

•2  1:2:4 
i  1:2:4 

'  1:2:4 
2  1:2:4 

2  1:2:4 
2  1:2:4 

2  1:2:4 

2  1:2:4 

2  1:2:4 

2  1:2:4 

2  1:2:4 

21:2:4 

>  I:3:3'2 

Pounds 

Noon  and  night 
do 

Feet 

do 

do. 

do ... 

do. 

Welded   fabric,   1 

layer. 
Welded   fabric.   2 

layers. 
...do 

42 
85 
85 

do 

2  inches  of  stone  screenings. 

412+50  to  420+2.5. 

420+2.5  to  428+63. 

428+63  to  434  +  15. 
434  +  15  to  435+00. 

do 

do 

do. 

do 

do 

do 

do. 

L.  P.  W 

...do.. 

do 

1  layer  of  tar  paper. 

1  inch  of  stone  screenings.. 

2  layers  of  tar  paper. 

do. 

do 

461+60  to  462+05. 

....do 

do 

do 

do 

do. 

do 

1  layer  of  Mosinee  paper... 

Do. 

do. 

...do... 

do. 

do... 

...do 

40 

40 
40 

do 

do. 

1  inch  of  stone  screenings.. 
do 

468+90  to  471+00  and 

.  do 

473+00  to  475+00. 
475+60  to  476+75 

...do 

L.  P.    W., 

doweled.3 

..do 

2  inches  of  stone  screenings. 
1  inch  of  stone  screenings . 

485+00  to  485+50. 

....do 

488+00  to  4SS  +  40. 

Night 

'-inch,     40 
feet. 
do 

do 

1 

40  and  100 

S^-inch,     'in 
feet. 

Steel  center  joint, 
doweled. 
..  do 

1  inch  of  stone  screenings.. 

546+80  to  547+40. 

' 

40  and  100 

• 

inch,     hi 
feet, 
'a-inch,     60 
feet. 

L.  P.  W.... 

Bar  mat.  1  layer... 
do 



SO 

50 

40  and  100 

L.  P.  W .... 

h.      to 
feet. 
4-inch, 

night. 
('• .-inch,  noon 
\     and  night, 
do    

L.  P.  W___. 

L.    W.    P., 
doweled.3 

L.  P   W  ... 

L.  P.  W.  . 

[Expanded  metal, 
\  1  layer. 
Welded   fabric.   1 
layer. 

}        - 

42 

\ 

111  and  Kill 
Hi  and  b)() 
40  and  100 
40  and  Hi" 

fl  inch  of  stone  screenings.. 

\2  inches  of  stone  screenings. 

1  inch  of  stone  screenings .. 

604+60  to  606+27. 
610+50  to  611+50. 
618+75  to  619+50 

/ 

do 

1  inch  of  stone  screenings.. 

640+50  to  641+75. 

•  ,-inch,     40 

Bar  mat.  2  layers 
Bar  mat.  1  layer... 

100 

50 
50 

feet. 

j  1 1 '  1  night, 
do 

40  and  100 
40  and  100 

fl  inch  of  stone  screenings.. 
12  inches  of  stone  screenings 

[678  +  50    to    679  +  50, 
\     683+25  to  68  1     . 

Iii*  1+20  to  682+20. 

do 

40  and  100 
in  and  100 
40  and  100 

40  and  100 

in  and  100 
in  and  100 
40  and  100 
40  and  100 
40  and  100 

. 

do 

"c>~ —      -4^"""™«+~«Y~ 

42 
42 

do 

1  layer. 

do 

2  1:2:4 

2  1:2:4 

i  1:1*4:3 

i  1:1^:3 

i  1:2:4 

i  1:2:4 

2  1:2:4 

2  1:2:4 
2  1 :  2:  4 
2  1:2:4 
2  1:2:4 
2  1:2:4 
2  1:2:4 
•  1:2:4 
2  1:2:4 

2  1:2:4 

21:2:4 

layer. 

do 

do 

do 

do 

do 

1  inch  of  stone  screenings.. 
11  inch  of  stone  screenings  . 

2  inches  of  stone  screen- 
1     ings. 

779    00  to  781+60. 
781+60  to  786+75. 

793+25  to  794+25. 

Noon  and  night. 

1  inch,  noon 
and  night. 

L.    P.    W., 

doweled.' 

30, 40,  and  50 

30  i  i 

do 

30,40,  ami  50 
40 
40 
40 

40 

do 

40 

'  Dowels,  %  inch  diameter  deformed  bars,  4  feet  long,  spaced  on  5-foot  centers,  3  inches  from  surface. 
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5.  Materials     three    cements     (two     Portland     and 
lumnite),  two  sands  (differei  acter  and  gradin 
two    crushed    stones     (same    character    and    grading, 
different   sources),    and  two  gravels  (same  character, 
different  grading 

6.  Five  mixi  1:2:4,  1  :2J^:3M>  '  ■' •'  :334  and 
1:1^:3,  all  without  correction  for  hulking,  and  a 
1  :2:4  mix  with  correction  for  bulking. 

7.  Three  types  of  reinforcement — welded  fabric 
(single  and  double  layer)  expanded  metal  (single 
layer)  and  bar  mat  (single  and  double  layer). 

8.  Joints-  transverse  (construction  and  expansion) 
and  longitudinal. 

9.  Flam's  of  weakness — transverse  (with  different 
spacing)  and  longitudinal  with  and  without  dowels. 

10.  The  subgrade  consisted  of  10  different  soil  types, 
some  of  which  were  treated  with  1-inch  and  2-inch 
layers  of  stone  screenings  and  one  and  two  layers  of 
tar  paper  and  one  layer  of  Mosinee  paper. 


Using   Hand  Float  Before   Beltini 


Finishing  Concrete  Surface   with   Long  Float 

details  of  variable  features  described 

s  section.  In  the  thickened  edge  design  the 
subgrade  was  parabolic  from  the  edge  to  the  Venter. 
The  pavement  surface  of  the  ham!  and  machine 
finished  sections  was  curved  with  a  crown  of  2],,  and 
2  inches,  respectively. 

Finishing.— The  tools  for  hand  finishing  consisted 
of  a  steel  strike-off  template  10  inches  in  width  and 
weighing  600  pounds,  a  transverse  wooden  float  24 
inches  in  width,  and  a  belting  machine.  Six  men, 
three  at  each  end.  manned  the  strike-off  template! 
Three  men  spread  the  material  and  three  tamped  ahead 
of   the   template.     In   addition,   two   men   spaded   the 


material  along  the  side  forms.  Generally  three  men 
were  engaged  in  floating,  belting,  and  finishing;  two 
were  employed  in  wetting  and  placing  burlap. 

The  Vibrolithic  concrete  was  mixed,  deposited,  and 
screeded  as  in  the  case  of  hand  finishing.  After 
screeding,  coarse  aggregate  was  applied  uniformly  to 
the  surface  at  a  rate  of  50  pounds  of  stone  per  square 
yard  and  was  vibrated  into  the  fresh  concrete  b}T  means 
of  the  vibrolithic  platforms  and  motor  carriages. 
Following  this  process,  the  [lavement  was  finished  in 
the  usual  manner  with  transverse  float  and  belting 
machine. 

Of  the  finishing  machines,  the  Lakewood  machine 
had  the  combination  tamping  and  screeding  features, 
while  the  Ord  had  only  the  screeding  feature.  Both 
machines  were  new  and  represented  the  latest  model  of 
the  respective  companies.  It  was  possible  to  reduce 
the  labor  required  by  six  men  with  the  use  of  either 
machine,  as  compared  to  hand  finishing. 

Admixtures. — The  hydrated  lime,  celite,  and  diato- 
maceous  earth  were  used  to  determine  their  effect  upon 
the  workability  and  quality  of  the  concrete.  They  w  ere 
added  dry  to  each  batch  of  material  at  the  proportion- 
ing plant,  the  percentages  of  each  being  based  upon  the 
weight  of  the  cement.  The  Cal  and  calcium  chloride 
were  used  as  a  substitute  for  surface  curing.  The 
former  was  added  dry  to  the  mix  and  the  latter  was 
first  dissolved  in  water  and  was  then  added  as  the 
materials  were  being  emptied  into  the  drum  of  the 
mixer. 

(  hiring. —  Where  concrete  containing  ( 'al  and  calcium 
chloride  was  laid  the  pavement  surface  was  protected 
with  wet  burlap  for  24  hours  and  then  exposed  to  the 
weather  without  further  attention.  In  the  wet-earth 
method  the  earth  covering  was  applied  in  a  2-inch 
layer  within  24  hours  after  laying  and  was  moistened 
twice  a  day  for  two  weeks.  The  calcium  chloride  was 
applied  to  the  surface  within  24  hours  in  the  dry  state 
at  a  rate  of  2  pounds  per  square  yard.  The  sodium 
silicate  was  mixed  with  water  in  the  proportions  1  part 
water  to  3  parts  sodium  silicate  and  applied  to  the 
surface  in  such  quantities  as  not  to  run  or  collect  in 
pools.  As  in  the  case  of  the  Cal  and  calcium  chloride 
used  as  admixtures,  no  further  attention  or  treatment 
was  given  the  pavement  surface.  For  all  the  various 
methods  of  curing  the  surface  was  covered  with  wet 
burlap  during  the  initial  24-hour  period. 

Materials. — All  materials  were  such  as  would  be 
selected  to  obtain  a  first-class  concrete.  The  two 
brands  of  cement  (noted  as  A  and  B  in  Table  1)  both 
conformed  to  the  standard  A.  S.  T.  M.  requirements 
and  gave  practically  the  same  results  in  laboratory 
tests. 

One  of  the  two  sands  used  (designated  as  sand  A)  was 
a  washed  river  sand  consisting  largely  of  subangular 
and  rounded  pains  of  quartz,  chert,' sandstone,  and 
gneiss,  and  had  a  silt  content  of  2.5  per-  cent.  The 
other  (sand  B)  was  washed  bank  sand  consisting 
largely  of  angular  quartz  particles  with  some  grains  of 
feldspar,  and  contained  0.5  per  cent  of  silt. 

The  crushed  stone  was  a  local  diabase  rock,  of  excep- 
tional quality,  having  a  low  absorption  value,  a  high 
degree  of  toughness,  and  a  low  percentage  of  wear. 
The  crusher-run  material  between  the  2^-inch  and 
1 4-inch  round  screens  was  used. 

The  gravel  was  a  washed  bank  material  consisting 
mainly  of  rounded  fragments  of  quartz  and  chert. 
The  maximum  and  minimum  sizes  of  the  coarse  gravel 
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(No.  1)  corresponded  to  that  of  the  stone,  while  the 
fine  gravel  (No.  2)  ranged  from  1'2  inch  to  34  inch. 
Representative  test  results  of  the  various  aggregates  are 
given  in  Table  2. 

Table  2. — Test  results  of  aggregates  for  concrete 

MECHANICAL  ANALYSIS 


Total  retained 


Sieve 

Stone  A 

Stone  B 

Gravel 
No.  2 

No.  1 

Sand  A 

Sand  B 

2-inch 

Per  cent 
16.0 
39.6 
78.3 
97.0 

Per  cent 
20.0 
44.4 
79.0 
97.4 

Per  cent 

0 

0 

37.0 
94.  2 

Per  cent 

5.6 

24.2 

72.  3 

94.  7 

Per  cent 

Per  cent 

1^-inch 

Ji-inch  

M-inch 

No.  10 

16.0 
30.3 
84.0 
95.4 

No.  20 

54  4 

No.  50 _._ 

95  0 

No.  100 

99  2 

PHYSICAL   PROPERTIES 


Percentage  of  wear .  - . 

2.8 
18.7 
18.0 

0.10 

186  ■ 

3.0 
19.  0 

18.0 
0.08 

188 

13.4 

13.4 

Toughness ..  .. 

Absorption,  per  cent . 

0.36 
163 

0.  36 
163 



Weight     per     cubic 
foot,  pounds 

Silt,  per  cent 

2.25 
103 
103 

0,  5 

Strength  ratio  at  7 
days,  per  cent 

103 

Strength  ratio  at  28 
k  days,  per  cent 

Stone  Quarry 


Correction  for  the  bulking  of  the  sand  was  not  made 
in  the  1:2:4  mix  used  in  sections  ]  to  25  and  44  and  45 
in  the  1  :  iy2  :  3  mix  (sections  43  A  and  43  B),  in  the 
1  :  2Y2  :  Zy2  mix  (section  9),  or  in  the  1  :  3  :  3  3^  mix 
(section  38).  In  all  other  cases  the  1:2:4  mix  was 
corrected  for  bulking  and  approached  a  field  mix 
1  :  23^  :  4  proportions. 


General  View  of  Finishing  Operations 

Reinforcement. — The  sections  in  which  reinforcement 
was  used  and  the  details  of  the  mats  together  with 
related  information  are  given  in  Table  3. 

Joints. — Construction  joints  formed  by  removing  a 
wooden  header  and  laying  the  new  concrete  directly 
against  the  old  were  installed  at  noon  and  night  on 
project  336  C  and  on  section  45  of  project  336  D.  On 
projects  336  D  and  E,  3^2-inch  expansion  joints  were 
placed  every  40  feet  for  a  distance  of  500  feet  on  each 
side  of  all  bridges.  Otherwise,  J^-inch  bituminous  felt 
expansion  joints  were  installed  at  noon  and  night  on 
project  336  D  (section  45  excepted),  while  a  double 
thickness  of  the  same  material  was  installed  in  a  like 
manner  in  the  sections  of  336  E. 

Planes  oj  weakness. — The  planes  of  weakness  or  im- 
pressed grooves  were  approximately  2  x/2  inches  deep  by 
one-fourth  inch  wide  at  the  base  and  from  one-half  inch 
to  1  inch  wide  at  the  top  and  were  installed  with  a 
special  machine,  the  Flex- Plane.  The  machine  bridged 
the  pavement  slab  and  traveled  on  the  side  forms 
immediately  behind  the  hand  screeds  or  finishing  nia- 


Table  3. — Details  of  reinforcing  mat* 


Sec- 
tions 

Planes  of  weakness 

Joints 

Weight 

per  100 

square 

feel 

Strands 

Lap 

Depth  from 
surface 

Type 

Transverse     i    Longitu- 
spacing              dinal 

Construc- 
tion 

Expansion 

Shape 

Diametei 

S  pacing 

|         33 

1         11 

1  : 

/        32 

1         40 

(    30  A 

311  B 

I    37  B 
36 

None None: 

Noon  and 
night. 

Pounds 

42 

42 
42 
85 

85 
42 
42 
50 
50 

50 

100 

Round 

do 

do 

...do 

1  -gauge 

..  do 

do 

do 

...do 

1;  by  li  in 

do. 





Diamond 



inch  ex 
6 

6 

6 
li 

6 
i; 
6 

15 
15 

11  lies. 

One  layer  welded  fabric 

Noon  and  night. 
do 

Ho 

do .-do . 

Noon  and 

night. 

...do 

Do. 
_'',  inches  (up- 

Two  layers  welded  fabric. . 

Noon  and  night, 
do 

pei  layer). 
Ho. 
2'  ■•  inches. 

One  layer  expanded  metal- 

do 

Do. 

One  layer  bar  mat  : _. 

:::::: 

do 

40-foot  centei 

Noon  and  night . 

do 

...do.. 
...do 

och 

do 

...do- 

,  inches. 

do 

21  by  2: 

•1m      . 

Do. 
Do. 

Two  layers  bar  mat.. 

...do 

,_-do- 

2' 1  inches  (up- 
per layer). 

1  All  bar  mats  have  two  marginal  bars  4  inches  apart.     Mats  (sections  30  V  and  B)  have  in  addition 
spaced  6  inches  apart:  other  longitudinal  bars  are  sp  iced  at,  2l3|  inches. 


longitudinal  bar  on  if  the  longitudinal  plane 
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chines.  It  was  used  to  install  both  longitudinal  and 
transverse  grooves  and  was  adjustable  so  that  it  could 
be  used  on  pavements  up  to  24  feet  in  width. 

When  a  longitudinal  groove  was  being  installed  a 
spading  tool  which  operates  as  the  machine  is  propelled 
Inrw  aid  first  opened  a  preliminary  groove  by  displacing 
or    pushing    aside    the    coarse    aggregate.     After    the 


machine  has  been  moved  forward  a  distance  of  10  feet 
a  V-shaped  metal  form  was  forced  In  to '4  he  depression 
by  means  of  a  mandrel  and  two  compression  screw  s 
on  the  machine.  The  mandrel  was  then  raised  and 
moved  out  of  line.  '  The  machine  was  again  pro- 
pelled forward  and  another  form  placed.  These  two 
forms  are  then  connected  and  held  in  horizontal  align- 
ment by  an  expanding  bar.  In  the  installation  of  a 
transverse  groove  a  form  is  set  on  a  mandrel  and  forced 
into   the  undisturbed  pavement   surface  by   means  of 


compression  screws.  In  some  instances  considerable 
difficulty  was  experienced  in  the  installation  of  the 
transverse  grooves. 

As  a  general  rule  the  expanding  bar  and  V  forms 
were  removed  the  morning  following  their  installation. 
No  trouble  was  experienced  in  removing  the  forms 
when  the  concrete  adjacent  to  them  had  been  edged. 
The  accompanying  illustrations  show  the  manner  in 
which  the  metal  forms  are  lifted  and  a  view  of  a  trans- 
verse and  longitudinal  groove  formed  by  this  method. 

The  planes  of  weakness  were  installed  transversely 
only,  longitudinally  only,  in  combination,  and  in  com- 
bination with  a  longitudinal  steel  center  joint.  Table 
4  gives  details  of  the  sections  involving  these  planes  of 
weakness  combinations. 

In  the  sections  where  reinforcement  was  used  in 
combination  with  the  longitudinal  plane  of  weakness 
the  steel  mats  were  continuous  across  the  slab.  In  a 
number  of  sections  the  slabs  formed  by  longitudinal 
planes  of  weakness  were  connected  by  dowels,  but  in 
no  instance  were  the  slabs  formed  by  transverse  planes 
of  weakness  connected  by  dowels  or  reinforcement. 

Two  sections  (27  and  28)  were  constructed  with  a 
tongue-and-groove  doweled  center  joint  for  comparison 
with  sections  having  the  longitudinal  plane  of  weakness. 

Subgrade. — Ten  different  types  of  soil  are  represented 
in  the  natural  subgrade.  The  character  of  these 
various  types  ranges  from  a  friable,  well-drained  shale 
to  a  dense  impervious  clay.  The  heavy  grading  and 
bridge  work  was  generally  completed  the  same  year 
as  the  paving.  No  artificial  drains  wrere  used  in  the 
experimental  sections  and,  excepting  an  occasional 
layer  of  stone  screenings  and  both  double  and  single 
layers   of    tar   paper   on    certain    sections,   no    special 


Table  4. — Details  of  sal  tuns  involving  planes  of  weakness 


Section 

Spar- 
ing of 

Joints 

Reinforcement 
■ 

Coarse  aggre- 
.,     gate 

Curing 

Planes  Of  we 

Spacing  of 

transverse 

plane 

dowels 
across 

longi- 
tudinal 
plane 

1  onstruction 

Expansion 

Admixtures 

21;  I)-. 

Ful 
40  and  100... 

Ful 

Noon  and  night 

Stone  \ 
do 

Wet  earth 

1    iClz,    'in  11  e 

CaCl2,  mixed 

Wet  earth. 

do 

Diatomai  eouj  earl  h, 

3  per  cent. ' 

34 

do 

35  A,..    . 

do 

..  do 

do 

CaCli,  2  per  cent. 

36 

do 

do 

Bar  matx2  layers- 

dn 

37  A 

do 

do 

do 

38— 

do 

do 

do 

Transverse 

hi) 

do 



do.... 

do 

do 

Celite,  3  per  cent. 

40-... 

do 

Expanded  metal, 

1  layer. 
Welded    fabric, 

1  layer. 

do 

41 

do 

do 

12  \  and  B._ 

do 

do 

tnd  B__ 

do 

do 

11        

do 

Noon  and  night. 

do 

29... 

do 

Longitudinal  (inly. 

30  It 

31 

40-foot  centers... 

B   1  mat,  1  layer. 

do. 

do 

16   \     

5 
5 
5 

do 

47  A       . 
18  \ 

.'(i  11  i\  ''I 

in 

do 

do 

Gravel  No.  1 
Stone  B 

do 

do 

22 

30   \ 
32 

■In 

40  and  100... 

Noon  and  night. 

Bar  mat,  1  layer. 
Expanded  metal, 

1  layer. 
Welded    fabric, 

1  layer. 

Stone  A 
do 

do..... 

do..... 

do 

do  

do- 
Gravel  No.  2 

Wet  earth 

do 

e   and 
longitudinal. 

If,  It 

30,  40,  and  50 
do 
do 

5 
5 

.ri 
5 
.ri 
5 
5 

5 

47  11. 
4K  1! 

Gravel  No.  1 

do 

49 

40 — 

do .. 

do 

do 

do 

Srone  B___ 
do 

do 

do 

Nu.'SiOj  (sur)... 

Transverse     with 

do 

10  and  100.. 

do 

Stone  A. 

'..  mixed 

Cal,  mixed.  .  .. 

Wet  earth _. 

CaCh,  2  per  cent. 
Cal,  5  per  cent. 
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treatment  was  given  the  subgrade.  The  stone  screen- 
ings were  used  more  to  expedite  construction  than  as  a 
subgrade  treatment. 

Weather. — In  addition  to  the  normal  daily  variation 
in  temperature,  humidity,  and  wind  velocity,  seasonal 
variations  in  weather  from  early  spring  to  late  fall  were 
encountered. 

CONSTRUCTION  OPERATIONS  CLOSELY  OBSERVED 

From  two  to  four  observers  from  the  Bureau  of 
Public  Roads  were  assigned  to  the  project  to  obtain 
information  on  the  construction  and  behavior  of  the 
different  sections.  As  a  general  rule  representatives 
of    interested    commercial    organizations    assisted    in 


#i** 


Finishing 
We. 


Longitudinal  and  Transverse  Planes  of 
k.nkss   with  Steel  Strips  in   Plai  i 


Removing  Strip  from  Longitudinal  Plane  of  Weakness 


Transverse    and    Longitudinal    Planes 


Wea  kness 


Longitudinal  Plane  of  Weakness  Just  After  Removal 
of  Strip 

familiarizing  the  organization  with  special  construction 
features  of  the  sections  or  with  the  operation  of  special 
equipment.     The  observations  included  the  following: 

Subgrade. — The  number  of  soil  types,  their  marked 
difference  in  character,  and  the  variety  of  subgrade 
conditions  encountered  suggested  that  special  emphasis 
be  placed  upon  this  phase  of  the  investigation.  A 
general  survey  was  made,  in  cooperation  with  the 
Bureau  of  Chemistry  and  Soils  of  the  Department  of 
Agriculture,  showing  the  location  and  extent  of  the 
soil  types,  the  thickness  of  the  layers,  and  variatio 
in  character  within  the  types.  Representative  samples 
of  the  different  layers  of  the  various  types  were  selected 
and  tested  in  the  laboratory  of  the  Bureau  of  Public 
Roads.  Samples  were  also  taken  from  the  finished 
grade  at  every  station  immediately  prior  to  paving 
and  tested  in  the  same  manner. 

Data  collected  during  the  progress  of  the  preliminary 
and  final  grading  and  immediately  prior  to  paving 
were  as  follows: 

1 .  Time  of  preliminary  and  final  grading  with  respect 
to  the  time  of  placing  the  concrete. 

2.  Condition  of  the  soil  with  respect  to  its  moisture 
content,  type  of  hauling,  and  intensity  and  frequency 
of  rolling  during  heavy  grading. 

3.  Condition  of  the  soil  with  regard  to  compactness, 
degree  of  smoothness  or  rutting  prior  to  paving. 

4.  Nature  and  extent  of  underlying  shale  and  rock 
and  their  position  relative  to  the  pavement.  Infor- 
mation was  obtained  from  the  landowners  along  the 
right  of  way  pertaining  to  the  nature  and  location  of 
underground  springs  and  seepage  areas. 
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The  accompanying. illustration  shows  a  subgrade  con- 
dition re-ulitnv  from  the  variable  .-lability  of  the  soil 
encountered  inin  location-.     AH  such  outstanding 

conditions  that  , <\;<fed  or  developed  in  tjje  grade  during 
the  course  of  construction  were  fully  Jdesqribed  and 
classified  and  it  is  expected  that  information  concerning 
the  influence  of  such  condition-  upon  slab  behavior  will 
be  obtained  from  these  'locations. 


Badly  Rutted  Section  of  Subgrade 

Weather. — Hourly  observations  of  the  atmospheric 
conditions  were  made  throughout  the  period  of  con- 
struction. Such  information  as  temperature,  relative 
humidity,  degree  of  clearness,  and  intensity  of  prevail- 
ing winds  were  obtained,  as  well  as  the  amount  of  rain- 
fall. 

Mali  rials. — Inspection  was  maintained  at  all  times  as 
to  the  quality  and  quantity  of  the  materials  being  used 
in  the  concrete.  Tests  for  gradation  were  made  on 
representative  samples  of  the  coarse  and  fine  aggregate 
from  each  day's  run.  In  addition,  four  samples  of 
sand  were  collected  each  day,  on  which  moisture  deter- 
minations were  made.  These  bitter  tests  were  prim- 
arily for  the  purpose  of  computing  the  water-cement 
ratio  of  the  mix  and  for  correction  for  bulking  of  the 
sand  induced  by  moisture  variations.  Each  car  of 
cement  was  sampled  and  tested  in  accordance  with  the 
specifications  of  the  Virginia  Highway  Commission. 
During  construction  of  project  336  E  in  1927  samples  of 
cement  were  obtained  and  tested  from  those  batches 
from  which  the  beam  and  cylinder  specimens  were 
made. 

Admixtures  and  curing  agents. — The  effect  of  integral 
materials  upon  the  workability  and  yield  of  the  con- 
crete was  observed.  Ease  of  handling  and  finishing 
were  considered  as  measures  of  workability.  Yield 
data  were  obtained  from  records  of  number  of  batches 
and  thickness  and  length  of  pavement . 

Steel  reinforcement. — Observations  were  made  con- 
cerning the  depth  of  the  steel  mats  from  the  surface, 
the  degree  of  lapping  of  the  mats,  and  the  additional 
labor  necessary  to  handle  and  install  the  mats  hi  the 
pavement. 

Finishing  methods. — Observations  on  the  different 
methods  of  .finishing  included  the  amount  of  labor,  the 
relative  compactness  of  the  rriass  after  the  operation, 
and  the  effect  upon  the  vertical  and  horizontal  align- 
ment of  the  forms. 


Condition  surveys  were  made  24  hours  after  placing 
when  the  w7et  burlap  was  removed  and  after  the  curing 
period,  which  was  about  one  month.  Future  surveys 
are  to  be  made  each  spring  and  fall.  The  surveys 
include  observations  of  the  developed  surface  and  slab 
defects,  such  as  checking,  cracking,  breakage,  and 
faulting.  The  behavior  of  the  planes  of  weakness  and 
expansion  joints  is  also  observed. 

Record  charts. — A  graphic  chart  was  made  to  corre- 
late and  show  in  a  condensed  manner  the  results  of 
observations  made  during  the  construction  of  the  road. 
Figure  1  shows  a  typical  record  covering  about  1,000 
feet  of  pavement  slab. 

These  records  give  in  detail  the  time  of  depositing 
the  concrete  and  the  time  of  finishing  and  covering 
the  pavement  with  wet  burlap.  They  give  the  slump, 
the  water-cement  ratio,  and  the  temperature  of  the 
concrete  at  the  time  of  depositing.  The  condition  of 
the  atmosphere  as  regards  wind,  clearness,  humidity, 
and  temperature  when  the  concrete  was  poured  is 
shown.  They  indicate  the  thickness  of  the  slab  at 
25-foot  intervals  and  contain  information  on  the  sub- 
grade  such  as  a  description  of  the  soil  type  and  condi- 
tion of  the  grade  immediately  prior  to  paving.  The 
depth  and  extent  of  the  cuts  and  fills  at  the  center 
line  of  the  road  and  the  relative  position  of  the  ground 
line  on  either  side  are  shown  by  a  profile.  They  give  a 
picture  of  the  condition  of  the  pavement  at  24  hours 
after  the  curing  periods  and  at  subsequent  periods. 

Test  specimens. — Three  6  by  ]2  inch  compression 
cylinders  were  cast  from  a  representative  batch  of  each 
day's  run.  The  location  of  the  batch  in  the  pavement 
slab  was  marked,  and  a  core  was  drilled  from  the 
location  subsequent  to  the  curing  period.  The 
core  and  cylinder  were  then  tested  in  compression 
simultaneously. 


Typical  Condition  of  Pavement  in    May,   1928 

On  project  336  D  and  in  sections  46,  47,  and  48  of 
project  336  E,  in  addition  to  the  compression  cylin- 
ders, five  6  by  6  by  30  inch  beams  were  cast  each  day 
from  the  same  batch  of  material.  These  were  cured 
in  a  manner  similar  to  the  pavement,  slab  and  were 
tested  by  bending  (cantilever  method)  at  ages  of  7,  14, 
21,  28,  and  90  days.  In  sections  49,  50,  51,  and  52,  a 
special  study  of  curing  methods  was  made,  and  a  total 
of  320  beams  was  cast,  80  to  each  section.     On  each 
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COVERING  WITH 
WET  BURLAP 
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DEPOSITING  CONCKT. 
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SURFACE  CHECKING 
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M6ERS  REFER  TO  SURVEY  WHEN  RELEASE  WAS  NOTEO  AT  TRANSVERSE  PLANESOF  WEAKNESS     E=  EXPANSION  JOINTS.       ALL  OTHER  JOINTS  ABE  TRANSVERSE  PLANES  OF  WEAKNESS 
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pIG>   i. — Typical   Record   of   Construction   Operations  and   Conditions.     The  Condition  of  the  Subgrade  and 
Surface  Checking  are  Each  Indicated  by  Code  Numbers,  the  Key  to  Which  is  Not  Given 


section  20  beams  were  cast  on  four  different  days,  and 
half  of  the  number  were  cured  in  the  same  manner  as 
the  pavement  slab,  while  the  other  half  were  exposed 
to  the  weather  after  the  usual  protection  for  24  hours 
with  wet  burlap.  These  specimens  were  tested  at 
1,  2,  3,  5,  7,  14,  28,  90,  180,  and  360  days,  respectively. 
Proposed  studies  in  connection  with  the  project 
include  a  study  of  the  relative  smoothness  of  the  sec- 
tions and  of  the  influence  of  different  types  of  joints 
108243—28 2 


upon  the  riding  qualities  of  the  surface.  A  study  has 
also  been  suggested  concerning  the  load-transferring 
properties  of  the  longitudinal  plane  of  weakness  as  com- 
pared to  the  steel  center  joint. 

This  report  is  limited  primarily  to  a  description  of 
the  project  and  a  brief  discussion  of  the  nature  of  the 
data  obtained  during  its  construction.  Later  reports 
will  deal  more  directly  with  particular  phases  of  the 
investigation . 


RESISTANCE  OF  PORTLAND  CEMENT  CONCRETE  TO 
THE  ACTION  OF  SULPHATE  WATERS  AS  INFLUENCED 
BY  THE  CEMENT ' 


By  DALTON  G.  MILLER,  Drainage  Engineer,  Division  of  Agricultural  Engineering,  United  States  Bureau  of  Public  Roads 


IN  CONNECTION  with  investigations  of  the  action 
of  sulphate  waters  on  concrete  draintile,  laboratory 
experiments  with  cement  concrete  cylinders  made 
with  12  standard  Portland  cements  and  stored  in  1  per 
cent  solutions  of  sodium  sulphate  (Na2S04)  indicated 
great  differences  in  resistance  to  disintegration,  as  pre- 
viously reported."  The  experiments  were  therefore 
Wroadened  to  include  18  other  cements  and  also  check 
tests  of  cylinders  made  of  22  of  the  30  cements  and 
exposed  to  the  mixed  salts  of  the  natural  alkali  waters 
of  Medicine  Lake,  S.  Dak.,  18  miles  northwest  of 
Watertown. 

Analyses  of  water  samples  taken  from  Medicine  Lake 
at  different  seasons  of  the  year  have  shown  a  total  salt 
content  ranging  between  2.34  and  4.72  per  cent,  con- 
sisting almost  entirely  of  magnesium  and  sodium 
sulphates.  An  average  of  four  analyses  of  water  sam- 
ples taken  December  10,  1923,  February  14,  1924,  April 
29,  1924,  and  July  1,  1925,  are  given  in  Table  1. 

Table  I.— Average  of  four  analyses  of  water  from  Medicine  Lake, 

S.  Dak.1 

RADICALS 


Na 
(Calc) 

Ca 

Mg      t    N03          CI 

SO, 

CO3 

Total 

MILLIGRAMS  PER  LITER  (PARTS  PER  1,000,000) 

3,030 

717         5,079               1 

509       27,021 

88            313 

PERCENTAGE  REACTING  VALUES 

10.38 

2.83 

36.69         0.01 

1.01 

48.  22           0.  30          0.  46 

1UII.  00 

first  year  and,  following  the  one-year  test,  were  changed 
every  four  weeks. 

The  cylinders  in  those  series  to  be  stored  in  Medicine 
Lake  were  cured  1  day  in  the  moist  closet  and  20  days 
in  distilled  water,  and  then  hardened  5  weeks  in  air  in 
the  laboratory.  Excepting  for  this  air  hardening  period 
there  was  no  intentional  difference  between  the  cyl- 
inders stored  in  the  laboratory  solutions  and  those  in 
Medicine  Lake.  Check  cylinders  in  all  cases  were 
stored  in  tap  water  in  the  laboratory  tank. 

In  certain  of  the  tables  and  figures  reference  is  made 
to  the  "life"  of  different  series.  By  this  is  meant  the 
average  time  in  weeks  required  for  ten  2  by  4  inch 
cylinders  to  each  increase  in  length  0.01  inch  (0.25  of 
1  per  cent).  Many  tests  in  the  laboratory,  dating 
from  1921,  have  shown  that  such  an  increase  in  length 
for  cylinders  of  this  type  of  concrete  stored  in  sodium 
and  magnesium  sulphate  solutions  is  indicative  of 
strength  losses  of  50  to  G5  per  cent.  A  general  dis- 
cussion of  this  method  of  rating  was  presented  in  an 

Table  2. —  Teats  of  2  bjj  4  inch  ennerete  cylinders,  1:3  mix,  made 
of  Portland  cements  from  different  plants  and  stored  in  1  per 
cent  solutions  of  sodium  sulphate  (Na^SOi) 

[Each  result  is  average  for  5  or  10  cylinders  made  on  five  different  days] 


(  Yiiirnt, 

aboratory 

No. 


by  the  water  and  beverage  laboratory,  Bureau  ol  Chemistry  and  Soils.  40 — 

U.  S.  Department  of  Agriculture.  97 _. 

TEST  CYLINDERS  DESCRIBED 

42 

Each  series  of  test  cylinders  consisted  of  five  batches 

made  on  different  days,  and  nine  2  by  4  inch  cylinders  l\z" 
were  made  from  each  batch.     The  cylinders  were  mixed 

in  the  proportion  of  1:3  by  volume  with  a  relative  eon-  ioi~ 

sistency  of  1  and  water-cement  ratios  ranging  between  Ify— 

0.59  and  0.64,  as  shown  in  Tables  2  and  3.     The  aggre-  'A-- ----- 

gate  passed  all  standard  physical  tests  and  was  sepa-  55!" 

rated  into  screen  sizes  and  recombined  for  each  batch  }^— 

to  produce  a  fineness  modulus  of  4.67.     The  cylinders  losll 

to  be  stored  in  solutions  in  the  laboratory  were  cured  ™;;;;;;; 

1  day  in  the  moist  closet,  followed  by  20  days  in  dis-  ; 

tilled  water,  and  at  21  days  were  transferred  to  earthen-  *■<'>'" 

ware  jars  containing  2.6  gallons  of  1  per  cent  solution  ellll 

of  sodium  sulphate  (Na2S04),  20  cylinders  to  a  jar.    All  [J*— 

solutions  were  changed  at  the  end  of  the  first  week,  100::::::: 

after  which  they  were  changed  every  two  weeks  for  the  Average 


31  il 
No. 


Water- 
cement 
ratio 


267 

379 
376 
265 
268 
275 
262 
473 
263 
380 
108 
411 
264 
417 
312 
418 
269 
109 
470 
419 
407 
378 
377 
272 
270 
274 
273 
410 
471 
406 


0.60 
.64 
.62 
.60 
.V> 
.67 
.60 
.64 
.60 
.04 
.62 
.  62 
.60 
.02 
.60 
.62 
.62 
.62 
.64 
.62 
.62 
.62 
.64 
.60 
.60 
.60 
.02 
.62 
.64 
.62 


.62 


Absorp- 
tion at 
21  days 


Per  cent 
5.60 
6.11 
5.90 
5.51 
6.26 
6.20 
5.85 
6.17 
6.26 
5.83 
5.62 
5.85 
5.84 
6.18 
6.01 
6.53 
6.37 
6.04 
6.01 
5.80 
5.72 
5.56 
5.72 
5.75 
6.07 
5.74 
5.  62 
6.51 
5.94 
6.42 


Average  of  compression  tests 


Stored  in  water 


7  days    28  days    1  year 


Lbs.  per 
sq.  in. 
3.310 
2,710 
3.  ISO 
3,  160 

2,  150 
3, 160 
3,010 
1,960 

3,  180 

3,  710 

4,  030 
3,  500 
3,  280 
2,930 
3,091) 
3,050 
2,960 
3,  530 
3,  (iliO 
3,  690 

3.  si  HI 

4,  .nil 
3,  .r>70 
2,390 
2,31)0 
3,1711 

2,  ISO 
3,030 

3.  420 
2,  860 


Lbs.  per 
sq.  in. 

4.  COO 

4.  610 
1,640 

4,790 
3,580 
4,  970 

4,  030 
4,240 
4,820 

5,  380 
5, 970 
5,  450 
5,020 
4,810 
4,270 
4.340 
4,280 
5,480 
5,  090 
4,970 
5,760 
4,890 
4,  950 
4.010 
3,850 
4,880 
4,470 
4,870 
4,900 
I.   i-o 


Lbs.  per 
sq.  in. 
6,  180 
6,  000 
6,  410 
5,860 
6,220 
5,730 
6,250 
5,580 

5,  740 

6,  240 
5,890 
G,  220 
6,  (Ml 
6,040 
4,910 
5,410 
5,650 
6,480 
5,500 

5,  550 

6,  690 
6,550 
6,660 
5,950 
6.3S0 
5,950 
5,760 
5,160 
6,050 
5,740 


5.97       3,170       4,810       5,970       3,650       1,470 


Stored  in 
solutions 


1  year    2  years 


Lbs.  per 
sq.  in. 
5.310 
5,850 
5.520 
5.930 
4,900 
5,040 
5,070 
4,840 
4,  600 
5,150 
4,780 
4,360 
4,790 
3,890 
2,930 
3,310 
3,510 
4,030 
2,160 
2,  610 
3,030 
2,400 
2,150 
1,900 

2  1,900 

3  1,  730 
<  1,  640 

5  2.  000 

6  2.  210 
"  1,950 


Lbs.  per 

sq.  in. 

5,  760 

1,890 

4,490 
4,280 
4,090 
4,050 
3,860 

2,240 

2,430 

1,840 

1,550 

1,910 

0 

0 

0 

1,390 

1,330 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Life 


Weeks 

J  210 
U65 
1  165 
1  165 
1  165 
1  165 
1  150 
1  140 

115 
1  110 

1  96 
92 


87 
78 
75 
73 
72 
71 
63 
59 
50 
49 
49 
42 
36 
32 
30 
29 
27 

92 


fore  the  American  Society  for  Testing  Materials  at  Atlantic 

reported  as  Univ.  of  Minn    Paper  No   77!)   Jour    Ser 

This  paper  is  the  result  of  experiments  at  Universitj  Kami,  St  Paul   Minn    in  the 

djaintile  lal  inducted  by  the  departmenl  of  agriculture  of  the  Uni'versit\ 

of  Minnesota  and  the  I     S.  Department  of  Agricn 

IMPORTANT  FACTORS  IN  THE  MANUFACTl'K  V.  OF  CONCRETE  ril'E  Foil  ALKALI 

soils.  ms  of  the  Amer.  Soo.  Agr.  Engineers,  vol.  20,  p.  180.    (1926.) 
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1  Estimated  from  change  in  length. 
:  Tested  at  37  weeks. 
-i  I'd  at  35  weeks. 
'  Tested  at  45  weeks. 
»  Tested  at  30  weeks. 
6  Tested  at  33  weeks. 
'  Tested  at  39  weeks. 
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Table  3. — Tests  of  2  by  4  inch  concnt.  r,  .stored 

in  Medicine  Lake,  S.   Dak.     Cylind*  cements 

the  same  lots  that  were  used  in  the  cylindt  r$  of  Tabh 

[Each  result  is  average  of  five  cylinders  made  on  different  days] 


Series 

No. 

Water- 
cement 
ratio 

Absorp- 
tion at 
21  days 

Average  of  compression  tests 

Cement 

laboratory  No. 

St 

ored  in  wa 

ter 

Medicine 

Lake 

7  daj  - 

28  days 

1  year 

1  year 

40 

Per  cent 

Lis  i 

sq.  in 

Lbs.  per 

sq.  III. 

Lbs  per 
SQ.  in. 

Lbs   per 

97... 

372 
362 

0.64 
.62 

6.4 

6.1 

3,  120 
3,  220 

4,600 

6,  170 

1,600 
4,000 

79 

41 

42 

34 

260 

.66 

6.1 

3,340 

4,  540 

5,  980 

5, 090 

35 

113 

468 

.64 

6.3 

2,  140 

5,590 

37 

98 _. 

373 

403 
413 

.64 
.62 
.62 

6.  1 
5.9 
5.7 

1. 

3,  86i 
3,520 

.">.  6 10 
5,  390 

(i,  630 
ii,  500 

3,400 
4,410 
4,  300 

102 

105... 

39 

106 

414 
313 

415 

.62 
.60 

.62 

6.1 

5.9 

6.5 

3,030 
3,150 
2,830 

4,410 
4,540 

S,  130 
6,050 

5,  920 

0 
2,940 

65.. 

107 

55 

103 

404 
465 
416 
402 
363 
370 
257 

.62 
.64 
.62 
.62 
.62 
.64 
.59 

6.0 

5.5 
5.8 
6.3 

5.9 
6.1 
5.8 

3,010 
3,660 
3, 670 
3,680 
4,010 
3,730 
2,  720 

4.380 
4,920 
5,  010 
4,940 
5,  220 
5,  040 
4,290 

5,470 
6,910 
6,510 
6,290 

o 

6,540 
5,490 

3,  160 
1,850 
1,490 
2,440 

(1711 

110 

108 

101 

89.. 

88 

63 

3, 190 

60 

33 

62 

259 
258 
405 
466 
401 

.59 
.59 
.62 
.64 
.62 

5.4 

5.8 
6.4 
5.7 
6.4 

3,310 
2,  900 
2,940 
3.810 
2,900 

4,780 

3.  790 
1,380 
5,  020 

4,  310 

5,  900 
1.  580 
5,  530 
5,  860 
5,110 

1,590 
800 

104 

280 

111.. 

100 

0 

Average. 

.62 

6.0 

3,310 

4,660 

ii,  1)1,11 

2,830 



earlier  report.3  Throughout  this  paper  the  order  of 
arrangement  of  the  data  in  all  tables  and  figures  is  the 
same  as  the  "life"  as  recorded  in  the  last  column  of 
Table  2. 

Results  of  tests  of  the  cylinders  stored  in  the  labora- 
tory solutions  are  compiled  in  Table  2  and  shown 
graphically  in  Figure  1.  Figure  2  illustrates  the  wide 
range  ol  condition  of  cylinders  of  different  series  at 
two  years.  Results  of  tests  of  the  cylinders  stored  in 
Medicine  Lake  are  given  in  Table  3.  The  strength 
ratios  of  cylinders  at  one  year,  for  both  exposure  con- 
ditions, have  been  calculated  assuming  normal  strength 
to  be  that  of  the  check  cylinders  from  the  laboratory 
tank.  These  results  for  the  22  cements  subjected  to 
the  two  different  exposure  conditions  are  set  forth  in 
Table  4. 

Table  4. — Tests  of  cylinders   made   with    .'..'  cements   under  two 
different  exposure  conditions  at  our  year 


Cement  labor- 
atory No. 


'.i7 


79  34  113  98  102,105  106  65  107  103 


110 


108 


10189  8863  33 


62  104  111  100 


Per  cent  of  normal  strength  at  one  year 


Stored   in    1-per 
solution 

of  NaisSO* 98 

Store  1  in  Medi 
cine  Lake 


.77  S5 


87:83    81 
93  I-    6' 


37  32 
in  12 


0      0 


It  is  apparent  from  the  data  of  Table  4  that,  while  all 
of  the  22  cements  have  not  acted  entirely  consistently, 


Z   z 


7000 


I  YEAR     17777) 


3  Miller,  Dalton  G.    volume  change  a  measure  of  alkali  action. 
Roads,  vol.  5,  No.  4,  June,  1924. 
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STRENGTH  OF  CYLINDERS  STORED  IN  TAP  WATER 
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ABSORPTION  OF  CYLINDERS  STORED  IN  DISTILLED  WATER  FOR  HI  DAYS 

LIFE  IN  WEEKS 


40     97     79      41     42     34    35 
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CYLINDERS  STORED  IN  I  PER  CENT  SOLUTIONS  OF  Na£S04 

Fig.   1.— Standard   Portland   Cements   from    Different   Plants   Compared  to   Show    Influence   on  Stri 

Concrete,  Absorption  of  Concrete,  and  Resistance  to  a  1   Per  Cent  Solution  of  boDiUM  ^sulphate 
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the  inconsistencies  have  been  few  and  none  of  the 
cements  making  either  an  exceptionally  good  or  an 
exceptional!}  poor  test  under  one  condition  showed  a 
complete  reversal  under  the  other  condition,  with  the 
possible  exception  of  cement  No.  111. 

PHYSICAL  TESTS  OF  CEMENTS  DO  NOT  FURNISH  INDEX  OF 
RESISTANCE  TO  SULPHATE  WATERS 


Table  5. — Special  fineness  tests  of  seven  Portland  cements  differing 
widely  in  resistance  to  alkali 

[Analyses,  other  than  230  sieve,  were  made  by  Bureau  of  Standards,  U.  S.  Department 
of  Commerce  '] 


(    I'lIH'Ill 

laboratory 
No. 


267 

265 
260 
275 
269 
257 
272 
259 
27-1 
258 
273 


Per  cent 
84.7 
84.1 

90.  9 

83.8 

81.8 

82.1 

83.0 


Per  ct  id 
74.7 
74.6 

82.8 

75.3 

70.  3 

71.9 

72.  6 


Per  cent 


Per  cent 


Per  cent 


66.2 

65.3 


52.1 
51.9 


34.0 
34.3 


Results   of   the   standard   physical   tests   of   the   30    _     . 
cements  are  shown  in  Figures  3,  4,  and  5,  and  it  re- 
quires but  cursory  study  to  see  the  futility  of  using  any    «> ... 
of  the  standard  physical  tests  as  an  index  of  the  be-     ;( 
havior  of  any  particular  Portland  cement  in  resisting 
the  action  of  sulphate-bearing  waters.  63 

A  special   fineness   test  was  made  on  7   of  the  30    33 
cements,  selected  because  of  extreme  showings  made 
under  exposure  conditions,   and   the  results  of  these 
tests  are  recorded  in  Table  5.    It  is  obvious  from  Table    — - 

_  ,  t-v  _   ,,  ,-,        j.n.  n  .„„     u^„r„TT„„         >  A  description  or  the  apparatus  mav  be  found  in  the  Bureau  of  Standards  reeh- 

5  and  Figure  5  that  the  difference  in  fineness,  howevei    nologic  Pap£r  No.  48. 
considered,  is  so  slight  as  not  to  account  for  a  differ- 
ence in  the  cements.  Table  6. — Standard  chemical  analyses  of  Portland  cements  used 

[Chemical  analyses  by  the  Division  of  Tests] 


Series  in 
which 
used 


Pa  .sing 

200  sieve 


Pa 

325  sieve 


Under— 


60 
microns 


67.7 


40 
microns 


20 
microns 


10 
microns 


Per  cent 
16.5 

15.9 

18.2 
17.0 
16.2 

15.9 

19.2 


fn 
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Fig.  2. — Condition  of  Cylinders  from  Series  379,  417, 
and  406  at  End  of  Two  Years,  Showing  Wide 
Differences  in   Resistance  to  Sulphate   Water 

CHEMICAL   ANALYSES  DO  NOT  PRODUCE  RESULTS  ON   WHICH  TO 
BASE  CONCLUSIONS 

Standard  chemical  analyses  of  all  of  the  cements  are 
recorded  in  Table  6.  As  would  be  expected,  there  are 
differences  in  chemical  composition,  but  authorities 
on  the  chemistry  of  Portland  cements  are  not  in  com- 
plete agreement  as  to  the  principal  compounds  formed 
by  the  various  constituents,  and  it  is  therefore  not 
known  that  these  chemical  analyses  can  be  so  inter- 
preted as  to  be  of  value. 

The  data  of  Table  6  have  been  condensed  and  con- 
sidered in  Table  7  on  the  basis  of  averages  by  dividing 
(he  30  cements  into  three  groups.  Group  1  contains 
the  first  10  cements  of  Table  6,  Group  2  the  second 
10,  and  Group  3  the  last  10.  The  average  life  of  cylin- 
ders for  the  three  groups  (see  Table  2)  has  been, 
respectively,  155,  79,  and  40  weeks,  the  "life"  ratio 
for  the  groups  closely  approximating  4:2:  1. 

Examination  of  the  data  as  averaged  in  Table  7 
fails  to  disclose  any  decided  trend  that  appears  to  be  of 
enough  significance  to  account  for  the  differences  in 
resistance  of  the  cements  of  the  three  groups.  It  is 
interesting  to  note,  though,  that  the  nearest  approach 
to  a  trend  is  in  the  percentage  of  alumina,  which,  con- 
sidered with  the  percentage  of  iron  oxide,  lends  sup- 
port to  the  theory  of  Le  Chatelier  4  of  long  ago  that 


I  '.'■llrnl 

tory  No. 

Series 
No. 

Silica 
(Si02) 

Iron 

oxide 

(Fe203) 

Alu- 
mina 

(AI.O'j 

Lime 
(CaO) 

Mag- 
nesia 

\U'(>> 

Sul- 
phuric 
anhy- 
dride 
(SOj) 

Loss  on 
igni- 
tion 

Total 

4) 

97 

79 

41 

42 

34 

35 

113 

37 

98 

102 

105 

39 

106 

65 

107 

55 

103 

108 

101 

89 

xx 

63 

60 

62  .... 

104 

111 

100 

267 
379 
376 
265 
268 
275 
262 
473 
263 
380 
408 
411 
264 
417 
312 
418 
269 
408 
470 
490 
407 
378 
377 
272 
270 
274 
273 
410 
471 
406 

Per  cent 
21.71 
21.45 
22  85 
21.13 
20.47 
22.  43 
21.93 
24.87 
21.55 
22.90 
21.74 
22.45 
20.82 
22.40 
21.80 
21.50 
21.52 
21.52 
22.40 
21.15 
21.70 
21.60 
22.50 
22.66 
22.22 
21.12 
20.53 
20.  73 
20.97 
21.28 

Per  cent 
3.39 
2.65 
4.27 
2.73 
3.58 
3.20 
3.42 
2.39 
2.89 
2.82 
3.10 
2.33 
3.10 
3.22 
2.57 
2.80 
2.78 
3.30 
2.42 
2.70 
2.70 
3.46 
3.06 
2.51 
3.20 
2.48 
2.14 
2.85 
4.19 
3.14 

Per  cent 
6.53 
6.  45 
I  93 
8  89 
6  24 
5.03 
6.31 
4.57 
8.51 

5.  xx 
6.38 
5.92 
7.52 
6.83 
7.69 
6.30 
6.25 
5.63 
6.48 
7.40 
6.59 
5.04 
6.39 
8.12 
8.06 
6.82 
9.61 

6.  23 
6.71 

7.  72 

Per  cent 
62.50 
62.  50 
61.70 

62.  40 
61.82 
62.54 
62.29 
61.30 
60.64 

63.  70 
63.  06 
62.70 
62.75 
62.65 
62.05 
62.08 
61.78 
61.40 
63.05 
63.35 
64.19 
62.75 
62.95 
61.87 
62.60 
61.24 
63.06 
61.  16 
63.43 
61.  33 

Per  cent 
1.59 
2.  97 
1.92 

.49 
3  '.il 
3.75 
3.44 
1.26 
1.85 

.94 
1.99 
1.79 
1.12 
1.34 
2.46 
1.21 
3.78 
5.00 
1.76 
1.77 
1.27 
2.68 
1.30 
1.05 

.59 
5.24 
1.56 
4.95 
1.45 
2  65 

Per  cent 
1.77 
1.82 
1.25 
1.78 
1.85 
1.91 
1.33 
1.58 
1.94 
1.72 
1.76 
1.87 
1.64 
1.22 
2.16 
1.80 
2.01 
1.34 
1.49 
1.37 
1.66 
1.68 
1.56 
1.72 
1.47 
2.01 
1.72 
1.61 
1.65 
1.53 

1 
Per  cent  Per  cent 
1.  84         99.  33 
1.  95         99.  79 
3. 10        100.  02 
1.  29         98.  71 
1.95         99.85 
1.  20       100. 06 

1.  22         99. 94 
3.  60         99.  57 

2.  09         99.  47 

1.  95         99. 91 
1.47         99.50 

2.  70         99.  76 
2. 10         99. 05 
2. 15         99. 81 
1. 18         99. 91 

3.  70         99.  39 
1.47         99.59 

1.  53         99. 72 

2.  20         99.  80 
2.  25         99.  99 

1.  55         99.  66 

2.  75         99.  96 
2.  25        100.  01 
1. 60         99.  53 
1. 46         99.  60 
1. 90       100.  81 

1.  26         99.  80 

2.  06         99.  59 
1.  54         99.  94 
1.  90         99.  55 

Av 

21.80 

2.98 

6.70 

62.36 

2.24 

1.67 

1.97 

99.72 

Table  7. — Results  of  Tabic  6  condensed  by  dividing  cements  into 
three  groups  and  averaging  results  of  analyses  for  each  group 


( froup 

Silica 
(Si02) 

Iron 

..Wile 

(Fe203) 

Alu- 

m 

Lime 
(CaO) 

Mag- 
ner.ia 

\lL">) 

Sul- 
phuric 
anhy- 
dride 
(S03) 

Loss 
on  igni- 
tion 

Total 

1. 

Per 

cent 

22.13 

21.73 

21.53 

Per 
cent 
3.13 
2.83 
2.97 

Per 

Ct  III 
6.  33 
6.64 
7.13 

Per 
cent 
62.  14 
62.  49 
62.46 

Per 
cent 
2.22 
2.22 
2.27 

Per 
cent 
1.70 
1.67 
1.66 

Per 
cent 
2.02 
2.07 
1.83 

Per 
cent 
99  67 

2 

99  65 

3 

99  85 

1  Le  Chateueh,   I  .  1.  fob    m    i  table   ok   resisting   sea 

water.    Annales  des  Mines, May  and  June,  1887. 


Portland  cements  low  in  alumina  and  high  in  iron  are 
resistant  to  sea  water.     Unfortunately  for  this  theory, 
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Table  8. — Lime-silica  indext  ,  merits 


Cement  laboratory  No. 

Lime- 

silica 
index 

Cem. nt  laboratory  No. 

Lime- 
-ilica 

40 .-. 

2.  18 

2.  2& 
2.14 
2.  07 
2.27 
2.21 
2.16 

2.  (ri 

1.91 
2.21 
2.24 
2.22 
2.21 
2.  14 
2.  11 

1117    

2  '>4 

97   .            

■,55.--- 

2.19 

2.  25 

9    91 

;y                             

41. _   : 

110— 

42.- -   -- 

ll  v 

2  27 

34 

101 . 

2  31 

35    - 

89 . 

•>.  33 
2  17 

113- 

88.... 

37 - 

63_ 

1  97 

98 

60 

2  i.-' 

102 

33 

2   18 

105 

62 . 

2  14 

39 

104..- 

9  29 

106 

111... 

-2  ''7 

65 

100 

2  11 

reference  to  individual  analyses  of  cements  in  the  three 
groups  (see  Table  6)  show  several  outstanding  incon- 
sistencies for  which  no  ready  explanation  is  evident. 

LIME-SILICA  INDEX  CONSIDERED 

It  has  been  suggested5  that  the  "lime-silica  index" 
should  be  considered  in  determining  the  quality  of  a 
cement.  Following  the  method  outlined  in  the  refer- 
ence given,  the  lime-silica  index  has  been  calculated  for 
each  of  the  cements  and  are  shown  in  Table  8.  It  is  not 
apparent  how  these  results,  which  differ  only  slightly, 
are  of  value  in  considering  the  relative  resistance  to  the 
action  of  sulphate  waters. 

3  Merriman,  Thaddetjs.    lime-silica  index  as  measure  of  cement  quality. 
Engineering  News-Record,  vol.  96,  No.  lfi,  192fi. 
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INITIAL  SET 
Fig.  3. — Results  of  Standard  Tests  for  Time  of  Setting 
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Fig.  4. — Results  of  Standard  Tensile  Tests  of  Briquets 
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COMPARISONS   AS  TO   RAW   MATERIALS  SUGGEST  FURTHER 
INVESTIGATION 

With  the  exception  of  two  Canadian  brands,  all  the 
cements  came  from  American  plants  scattered  through- 
out the  Central  and  Western  United  States,  and  con- 
sequently the  raw  materials  from  which  these  cements 
were  made  cover  a  wide  geological  range.  In  attempt- 
ing to  account  for  differences  this  thought  opens 
another  held  for  speculation,  and  after  studying  the 
data  the  impression  remains  that  there  does  appear  to 
be  a  tendency  for  cements  from  plants  closely  located, 
or  cements  known  to  be  made  of  similar  raw  materials, 
to  behave  alike.  As  examples,  consider  together  the 
following  cements:  33,  60,  and  63;  34  and  39;  40,  97, 


subsequently  their  behavior,  judged  by  appearances, 
seemed  to  agree  surprisingly  well  with  the  tests  of  the 
cylinders.  Briquets  of  16  cements  were  tested  after 
the  standard  seven-day  test  under  two  conditions  of 
exposure.  These  tests,'  together  with  those  made  on 
cylinders,  make  available  records  on  four  distinct  con- 
ditions of  exposure  as  follows: 

1.  Cylinders  without  air  hardening  exposed  to  a  1 
per  cent  solution  of  sodium  sulphate  in  the  laboratory. 

2.  Cylinders,  after  five  weeks  in  air,  exposed  to  the 
water  of  Medicine  Lake. 

3.  Briquets  broken  in  the  standard  seven-day  tests 
exposed  to  a  1  per  cent  solution  of  sodium  sulphate  in 
the  laboratory. 


s-v"       -'   ■■'  -sis  ■■-.  -       v-^    *3 
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Fig.  6. — Condition  of  Briquets  After  Immersion  in  1  Per  Cent  Sulphate  Solutions  for  Six  Months. 
In  Each  Case  the  Upper  Half  of  Briquet  was  Immersed  in  Magnesium  Sulphate  Solution  and 
the  Lower  Half  in  Sodium  Sulphate  Solution.  Briquets  Made  with  Standard  Cement  from 
16  Different  Plants  are  Shown 


and  98;  and  62,  110,  and  111.  This  is  merely  a  thought 
and  by  itself  has  small  value,  but  properly  developed 
and  considered  might  in  some  way  not  now  foreseen 
help  explain  basic  differences  that  must  exist  in  these 
cements  that  have  acted  so  differently  under  identical 
exposure  conditions. 

BRIQUET    TESTS    FOR     RESISTANCE     TO     SULPHATE     WATER    GIVE 
PROMISING   RESULTS 

Irrespective  of  the  fundamental  causes  for  the  dif- 
ference of  behavior  of  these  cements,  there  have  been 
decided  and  consistent  differences.  It  may  be  that  the 
only  possibility  for  the  ultimate  solution  of  this  prob- 
lem is  by  the  chemist,  but  it  is  clear  that  the  engineer 
has  immediate  need  for  a  satisfactory  standard  test  for 
cements  to  be  used  in  concrete  to  be  exposed  to  the 
action  of  sulphate  waters,  thai  very  poor  cements  may 
be  eliminated  from  consideration.  With  this  in  mind 
experiments  were  conducted  to  determine  an  acceler- 
ated test,  with  results  in  most  cases  far  from  satisfac- 
tory. It  was  found,  however,  that  when  the  standard 
briquets  used  in  the  seven-day  test  were  immediately 
stored  in  a  I   per  cent  solution  of  sodium  sulphate  thai 


4.  Briquets  broken  in  the  standard  seven-day  tests 
exposed  to  a  1  per  cent  solution  of  magnesium  sulphate 
in  the  laboratory. 

Figure  6  shows  briquets  from  the  laboratory  solutions 
at  six  months,  in  all  cases  the  upper  half  coming  from 
a  1  per  cent  magnesium  sulphate  solution  and  the  lower 
half  from  a  1  per  cent  sodium  sulphate  solution.  It  is 
evident  from  this  illustration  that  deterioration  had 
progressed  much  further  in  the  sodium  sulphate  solu- 
tion at  six  months  than  had  action  in  the  magnesium 
sulphate  solution.  Considered  alone  from  the  stand- 
point of  an  accelerated  test,  immersion  in  a  1  per  cent 
sodium  sulphate  solution  is  the  most  promising. 

In  making  these  briquet  tests  the  quantity  of  each 
solution  was  at  no  time  less  than  1  gallon  for  each  15 
briquets  and  the  interval  of  solution  change  in  no  case 
exceeded  four  weeks.  All  solutions  were  kept  at  room 
temperatures  of  about  72°  F. 

In  the  lower  half  of  Figure  7  the  ratings  at  six  months 
of  the  half  briquets  from  the  1  per  cent  solutions  of 
sodium  sulphate  (see  fig.  6)  on  the  basis  of  visual  appear- 
ance are  compared  with  the  strength  ratios  at  one 
year  of  cylinders  in  which  the  same  cements  were  used. 
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7. — Resistance  to  the  Action  of  Sulphate  Water  by  Standard  Portland  Cements  from  16  Plants  as  Deter- 
mined After  Different  Conditions  of  Exposure.  Note  the  General  Reliability  of  the  Briquet  Ratings 
by  Visual  Inspection  as  Compared  with  the  Change  of  Volume  and  Compression  Tests  of  the  Cylinders 


(See  Table  4.)  Study  of  Figure  7  justifies  the  state- 
ment that  the  acceptance  or  rejection  of  any  of  these 
16  cements  on  the  basis  of  the  appearance  of  the  bri- 
quets at  six  months  would  not  have  been  very  far 
wrong,  when  the  action  of  the  cylinders  under  both 
exposure  conditions  is  considered.  These  comparisons 
are  based  on  tests  of  specimens  made  entirely  inde- 
pendently of  each  other  without  having  in  mind  at  the 
time  a  correlation  of  the  data.  They  are  in  no  sense 
selected  tests,  as  the  only  reason  for  choosing  the  par- 
ticular 16  cements  used  is  that  they  were  the  only 
Portland  cements  on  which  the  tests  under  three  condi- 
tions of  exposure  had  been  made. 

These  tests  lead  to  the  conclusion  that  a  very  satis- 
factory six-month  test  for  resistance  to  the  action  of 
sulphate  waters  can  be  made  by  following  Substantially 
the  same  routine,  testing  several  cements  simultane- 
ously in  a  1  per  cent  solution  of  both  sodium  and  mag- 
nesium sulphate  and  rejecting  those  giving  evidence  of 
more  than  very  slight  surface  action  alter  six  months 
in  either  solution. 

The  feasibility  of  speeding  up  this  test  by  increasing 
the  strength  of  the  solution  and  by  using  leaner  mixes 
naturally  suggests  itself.  Attempts  along  this  line 
have  been  made,  and  are  still  under  way,  without 
sufficiently  consistent  results  to  justify  discussion, 
except  to  say  that  there  appears  to  be  some  possibilities 
along  this  fine.  Until  a  more  accelerated  test  of  at 
least  equal  reliability  is  developed,  the  one  outlined 
is  suggested. 

The  six-month  briquet  test  has  the  distinct  advan- 
tages of  reliability,  close  approximation  of  severe  hut 
not  extreme  field  conditions,  and  does  not  require  the 
making  of  additional  and  special  test  pieces.  It  has 
the  disadvantage  of  requiring  five  to  six  months  for 
completion. 

If  it  may  be  assumed  that  the  resistance  of  a  cement 
from  any  plant  is  reasonably  constant,  the  time  element 
is  not  serious,  as  tests  need*  be  made  only  often  enough 
to    make   certain    that   no   plant   change    has   brought 


about  a  change  of  resistance.  On  the  other  hand, 
if  this  assumption  is  incorrect  and  the  output  of  a  plant 
varies  greatly  in  resistance,  the  time  required  for  the 
test  becomes  a  serious  objection.  Such  evidence  as 
has  been  collected  in  the  laboratory  seems  to  indicate 
that  the  resistance  factor  of  a  cement  from  any  given 
plant  is  fairly  constant.  Complete  and  exact  data 
to  support  this  statement  are  now  lacking,  and  a  series 
of  tests  with  eight  brands  of  cement,  definitely  planned 
to  clear  up  this  point,  is  already  well  advanced. 

With  so  great  a  difference  in  resistance  of  concrete 
to  the  action  of  sulphate-bearing  waters,  the  first  con- 
sideration for  all  concrete  to  be  exposed  to  such  action 
should  be  the  cement  itself,  and,  regardless  of  all  other 
precautions,  the  use  of  any  cement  of  low  resistance, 
as  determined  by  special  tests,  should  be  avoided. 

SUMMARY 

1.  Standard  Portland  cements  from  different  manu- 
facturing plants  may  vary  greatly  in  resistance  to  the 
action  of  sulphate  waters,  as  evidenced  by  laboratory 
and  field  tests  of  30  Portland  cements  after  exposure 
periods  ranging  upward  to  more  than  three  years. 
Under  the  same  exposure  conditions  the  more  resistant 
cements  have  outlived  those  of  least  resistance  by  as 
much  as  eight  times,  while  the  most  resistant  10  have 
had  an  average  life  very  nearly  lour  times  that  of  the 
the  10  of  least  resistance. 

2.  Portland  cements  that  have  failed  quickly  in  the 
laboratory  in  pure  solution-"!'  sodium  sulphate  have 
ordinarily  displayed  low  resistance  in  the  field  to  the 
action  of  mixed  salts. 

3.  The  most  desirable  Portland  cements  lor  concrete 
exposed  to  the  action  of  sulphate  waters  are  those  that 
prove  most  resistant  to  the  action  of  both  pure  salts 
and  of  mixed  salts. 

4.  Results  of  standard  physical  tests  ol  Portland 
cements  give  no  indication  of  resistance  to  sulphate 
waters. 
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DETERMINATION  OF  PROPORTIONS  OF  CONSTITUENTS 

IN  CONCRETE 

Reported  by  L.  G.  CARMICK,  Associate  Chemist,  Division  of  Tests,  U.  S.  Bureau  of  Public  Roads 


THERE  are  many  occasions  when  it  is  of  consider- 
able importance  to  know  the  relative  proportions 
of  cement,  sand,  and  stone  that  were  used  in  the 
building;  of  some  concrete  structure.  If  concrete  proves 
good,  we  want  to  know  why  it  is  good,  and  if  it  is  bad 
our  first  thought  is  usually  a  question  as  to  the  propor- 
tions used  in  making  it.  In  practically  every  labora- 
tory where  engineering  materials  are  tested  samples  of 
concrete  are  sent  in  from  time  to  time  and  the  chemist 
is  asked  to  determine  their  proportions.  Many  of  these 
cases  have  a  legal  aspect  in  that  the  concrete  is  sus- 
pected of  being  other  than  as  it  should  be.  Perhaps 
the  contractor  is  accused  of  skimping  the  mix.  In  such 
cases  a  dependable  analysis  is  of  the  highest  importance. 
At  first  thought  it  appears  rather  a  simple  matter  to 
make  such  an  analysis,  but  actually  it  is  very  difficult. 
This  is  true  notwithstanding  the  fact  that  considerable 
work  has  been  done  on  the  problem  in  a  number  of  good 
laboratories. 

The  difficulties  involved  are  of  several  sorts.  In  the 
first  place  there  is  apt  to  be  considerable  segregation 
even  in  well-mixed  concrete  and  a  small  sample  can  not 
be  considered  as  representative  of  a  large  mass.  When 
we  endeavor  to  avoid  this  error  by  taking  a  large  num- 
ber of  samples  we  are  met  by  difficulties  in  the  analysis 
itself  and  the  lack  of  an  entirely  satisfactory  method. 
The  cement,  sand,  and  stone  are  all  composed  of  about 
the  same  constituents — silica,  alumina,  and  lime,  to- 
gether with  some  others  that  are  present  in  lesser 
amount.  The  proportions  differ  in  the  different  ma- 
terials, and  while  it  is  easy  enough  to  tell  how  much 
lime  the  concrete  contains  it  is  not  easy  to  say  how 
much  of  it  is  from  the  cement  and  how  much  from  the 
sand  or  stone. 

Bulletin  61  of  the  Iowa  State  ( iollege,  Estimation  of 
the  Constituents  of  Portland  Cement  Concrete,  by 
George  W.  Burke,  offers  a  method  that  appeared  to  be 
highly  promising,  and  the  work  reported  in  this  paper 
has  been  an  effort  to  determine  the  degree  of  accuracy 
which  can  be  secured  with  it. 

Briefly,  the  method  is  as  follows:  A  sample  of  the 
concrete,  weighing  from  1,000  to  1,500  grams,  is  broken 
into  fragments  of  not  more  than  2  inches  in  size  and 
heated  in  a  muffle  furnace  for  about  three  hours  at  a 
temperature  of  600  to  700°  C.  This  causes  dehydra- 
tion of  the  set  cement  and  should  make  it  easy  to  sepa- 
rate and  clean  the  coarse  aggregate  by  scraping  or 
brushing.  All  material  below  one-quarter  inch  in  size 
is  called  "sand-cement  mixture."  A  sample  of  this  is 
put  aside  for  analysis  and  from  the  remainder  an  effort 
is  made  to  secure  a  representative  sample  of  the  sand. 
This  is  done  by  sifting  and  rubbing  in  a  mortar  with  a 
rubber-covered  pestle.  The  process  is  described  in 
detail  in  the  bulletin.  The  sand-cement  and  the  pure 
sand  thus  obtained  are  each  analyzed  for  silica  and  for 
lime.  A  calculation  can  then  be  made  of  the  propor- 
tions in  the  sand-cement  mixture  with  either  of  these 
data  and  assuming  the  percentage  of  lime  or  silica  in 
the  cement. 

For  example,  representing  the  proportional  weight 
of  the  cement  present  by  Cand  the  proportional  weight 
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of  the  sand  by  S,  a  unit  weight  of  the  mixture  can  be 
expressed  by 


C+S  =  l. 


(1) 


Knowing  the  lime  content  of  the  cement,  sand,  and 
sand-cement  mixture  we  can  write 

PcC+PsS  =  Pn(C+S) (2) 

in  which  Pc  =  per  cent  CaO  in  the  cement, 

Ps  =  per  cent  CaO  in  the  sand, 

Pm  =  per  cent  CaO  in  the  sand-cement  mixture. 

Solving  equations  1  and  2  simultaneously,  the  values 
of  C  and  S  may  be  calculated.  In  the  same  way  calcu- 
lations may  be  made  on  the  basis  of  the  silica  content  of 
the  materials.  In  using  this  method  when  a  sample 
of  the  original  cement  is  not  available  it  is  necessary  to 
assume  an  analysis  for  it.  Twenty-one  per  cent  silica 
and  62  per  cent  lime  are  considered  as  about  average. 

Preliminary  experiments,  made  by  the  Bureau  of 
Public  Roads  but  not  given  in  detail  here,  have  shown 
that  when  the  coarse  aggregate  is  limestone  or  dolomite 
the  residts  obtained  by  this  method  are  veiy  uncertain. 
Baking  the  sample  at  600°  to  700°  C.  partially  calcines 
most  limestones,  and  if  a  lower  temperature  is  used  it 
is  hard  to  disintegrate  the  concrete.  Many  small 
fragments  of  the  limestone  are  sure  to  be  included 
with  the  sand-cement  mixture  and  seriously  impair 
the  accuracy  of  the  results.  Some  other  stones,  such  as 
granites  which  are  not  thoroughly  sound,  are  easily 
broken  down  after  heating. 

To  obtain  even  approximately  correct  results  by  this 
method  it  appears  to  be  necessary  that  the  coarse 
aggregate  be  a  rock  that  is  not  much  affected  by  the 
heat  used,  not  easily  crumbled,  and  noncalcareous, 
and  also  that  the  sand  be  noncalcareous  and  not  much 
affected  by  dilute  hydrochloric  acid. 

As  a  test  of  the  method,  10  small  cylinders  were  made 
of  a  mortar  consisting  of  1  part  cement  and  2J^  parts 
Potomac  sand  which  meets  the  above  conditions. 
These* cylinders  were  analyzed  and  the  results  are  given 
in  Table  1.  The  first  three  cylinders  were  treated, 
exactly  in  accordance  with  Burke's  dry  method.  All 
of  the  sand  from  cylinders  Nos.  4,  5,  6,  and  7  were 
washed  with  a  5  per  cent  solution  of  hydrochloric  acid 
and  the  sands  from  cylinders  Nos.  8,  9,  and  10  were 
washed  with  water.  It  seems  evident  that  it  is  neces- 
sary to  wash  the  sand  with  acid,  as  otherwise  it  carries 
with  it  a  considerable  amount  of  cement.  It  is  apparent 
also  that  a  much  greater  degree  of  accuracy  is  obtained 
by  using  the  true  lime  content  of  the  cement  (59.60 
per  cent)  instead  of  an  assumed  value  of  62  per  cent. 
Calculations  made  on  the  basis  of  the  silica  content 
were  so  wide  of  the  mark  that  they  are  not  given. 

Believing  it  possible  to  improve  on  the  above  results 
by  greater  care  and  attention  to  detail,  another  set  of 
12  cylinders  was  made  from  the  same  cement  and 
sand,  using  a  1  to  2  mix. 
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Table  1. —  Test  results  of  analysis  of  cylinder.  ith   1  -part 

a  mi  nt  and  2.5  parts  Potomac  sand 

ANALYSIS  OF  MA'I  I 


Si02. 
CaO. 


20.80 
59.60 


Sand  and 
cement 

mix  (theo- 
retical) 


70. 1R 
17.39 


A\  \l.\  SIS   01    MORTAR  CYL] 


It  is  believed  that  this  second  series  shows  the  maxi- 
mum degree  of  accuracy  that  can  be  hoped  for  in  the 
case  of  mortars  when  the  conditions  and  materials  are 
almost  ideal. 

Continuing  the  investigation,  10  concrete  cylinders 
were  cast,,  using  the  same  sand  but  a  different  cement, 
and  a  1:2:4  mix.  The  coarse  aggregate  consisted  of 
clean  siliceous  pebbles  1  inch  or  less  in  size.  The 
results  arc  given  in  Table  3.  Again  a  great  improve- 
ment is  noted  in  those  cases  where  acid  washing  was 
resorted  to. 
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Table  3.    -Test  result*  of  analysis  of  cylinders  made  with  1 
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-Test  results  of  analysis  of  cylinders  made  with  I  pat 
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The   sands    from    the    first    four   were    brushed   dry, 
those  from  the  next  four  were  washed  with  a  5  per  cent 
hydrochloric  acid  solution,  and  those  from  the  last  four    f. '.'. 
were  washed  with  water.    The  greatest  care  was  taken    4y; 
in  the  preparation  of  the  samples  and  in  the  analyses.    jj— 
The  results  are  given  in  Table  2  and  show  a  considerable    71111 
improvement  in  accuracy.    It  was  again  apparent  that    9 
it  is  necessary  to  wash  the  sand  with  acid  and  to  know    n 
the  true  lime  content  of  the  cement.     This  series  also 
showed  that  the  silica  content  is  far  less  reliable  as  a        The  following  conclusions  are  drawn  from  these  ex- 
basis  for  calculations.  periments: 

(1)  It  is  of  the  utmost  importance  to  have  samples 
of  the  original  constituent  materials  used  in  making  the 
concrete.  It  is  particularly  necessary  to  know  the 
true  CaO  content  of  the  cement,  as  actual  variation 
from  an  assumed  value  may  introduce  a  considerable 
error. 

(2)  Calculations  should  be  made  on  the  basis  of  the 
CaO  content  of  the  cement.  Those  made  on  the  basis 
of  silica  content  are  not  at  all  reliable. 

(3)  Reasonable  accuracy  can  not  be  secured  unless 
the  fine  aggregate  is  siliceous  and  little  affected  by 
dilute  hydrochloric  acid,  and  the  coarse  aggregate  a 
noncalcareous  rock  which  will  not  be  broken  down  by 
the  necessary  heating. 

(4)  Washing  the  whole  of  the  sand  with  dilute  hydro- 
chloric acid  secures  greatly  increased  accuracy. 

(5)  The  best  results  which  can  be  obtained  by  this 
method  are  only  approximate,  since— 

(a)  Results  having  a  high  degree  of  accuracy  can 
not  always  be  obtained  by  the  analyses  of  samples  of 
known  composition;  and, 

(b)  Small  samples  of  concrete  such  as  would  be  used 
in  this  method  may  not  be  truly  representative  of  the 
mass  from  which  they  were  taken. 

(6)  The  limitations  which  have  been  pointed  out, 
and  the  lack  of  accuracy  under  highly  favorably  con- 
ditions show  that  this  method  is  of  practical  value  only 
when  approximate  rather  than  exact  information  is 
desired. 
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A  NEW  MOIST-CLOSET  AND  STORAGE  TANK 

APPARATUS 

Reported  by  D.  O.  Woolf,  Junior  Materials  Engineer,  Division  of  Tests,  V.  S.  Bureau  of  Public  Roads 

THE  Division  of  Tests  of  the  Bureau  of  Public 
Roads  has  recently  completed  the  installation 
of  a  new  moist-closet  and  storage-tank  apparatus 
for  cement  test  specimens.  This  equipment  was 
designed,  constructed,  and  erected  by  the  division 
personnel  and  replaces  a  wood  frame  apparatus  which 
had  been  in  use  for  a  number  of  years. 


Fig.  1. —  Moist  Closet  and  Storage  Tanks  with  Humid- 
ifying and  Temperature  Control  Apparatus 

Testing  engineers  have  long  appreciated  the  necessity 
of  controlling  to  a  greater  degree  the  humidity  and 
temperature  of  the  air  in  which  neat  cement  pats  and 
mortar  specimens  are  stored  for  the  first  24  hours. 
In  addition  to  this,  it  is  known  that  the  temperature 
of  storage  water  has  a  considerable  effect  on  the 
strength  of  the  mortar,  and  should  be  kept  between 
certain  definite  limits  to  obtain  comparable  results 
from  tests  made  at  different  times.  As  a  result  of 
consideration  of  these  effects,  the  following  requirement 
has  recently  been  added  by  the  American  Society  for 
Testing  Materials  to  their  standard  methods  for  testing 
Portland  cement: 

The  temperature  of  the  room,  the  materials,  the  mixing  water, 
the  moist  closet  and  storage-tank  water  shall  be  maintained  as 
nearly  as  practicable  at  21°  C.  (70°  F.),  and  the  mixing  water, 
moist  closet,  and  the  water  in  the  storage  tank  shall  not  vary 
from  this  temperature  more  than  3°  C.      (5°  F.j.1 

In  the  design  of  this  apparatus  an  effort  was  made  to 
obtain  the  following: 

1.  Structural  soundness. 

2.  Control  of  temperature  of  the  moist  closet  air 
and  storage  water. 

:'. .  A  high  percentage  of  humidity  in  the  moist 
closet  and  means  for  obtaining  this  humidity  quickly. 

4.  A  system  of  control  of  temperature  and  humidity 
which  could  easily  be  applied  to  moist-closet  anil 
storage-tank  apparatus. 

The  tanks  and  moist  closet  shown  in  Figure  1  are 
made  of  soapslone   and  supported   by   a  steel  frame. 

1  A.  s.  T.  M.  Standard  Method,  serial  designation  ('  9-26. 
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Fig.  2. — General  View  of  Closet  and  Storage  Tanks 

Three-inch  channels  were  used  as  the  main  members 
of  the  frame  and  the  assembly  was  joined  and  stiffened 
with  gusset  plates  and  tension  rods.  The  completed 
apparatus  is  thoroughly  rigid  and  shows  no  structural 
weakness.  Leveling  screws  were  necessary  on  each 
foot  because  of  the  unesenness  of  the  laboratory 
floor.  Figure  2  shows  a  view  of  the  complete  instal- 
lation. 

Each  of  the  two  storage  tanks  has  an  8-inch  depth 
of  water  and  has  sufficient  space  for  about  1,650 
briquetes  or  1,300  2-inch  cubes.  The  moist  closet  has 
three  shelves  for  briquetes  or  cubes.  If  necessary, 
the  two  upper  shelves  can  be  removed  and  tall  speci- 
mens cured  in  the  cabinet. 

There  are  three  features  of  special  interest  in  this 
apparatus.  One  is  the  electrical  apparatus  for  heating 
and  controlling  the  temperature  of  the  water  used  to 
cure  the  test  specimens.  The  heating  is  done  by  four 
helical  coil  immersion  water  heaters  which  are  mounted 
in  a  pipe  coil  (  fig.  1,  A)  at  the  right  end  of  the  struc- 
ture. The  heated  water  then  passes  through  a  fifth 
section  of  the  coil  which  contains  an  electric  immersion 
thermostat  (fig.  1,  B)  for  controlling  the  temperature 
of  the  water.  Expansion  or  contraction  of  a  glass 
rod  in  this  instrument  actuates  a  pony  relay  (fig.  1,  C), 
which  in  turn  opens  or  closes  a  magnetic  switch  (fig. 
1,  D),  through  which  current  to  one  or  more  of  the 
heating  units  may  be  carried.  The  temperature  of 
the  supply  water  may  be  regulated  by  control  of  the 
number  of  heating  units  in  operation,  by  adjustment 
of  the  thermostat,  or  by  regulation  of  the  quantity 
of  the  water  flowing. 
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Tt  is  the  present  practice  to  adjust  the  valves  in  the 
water  line  to  deliver  the  desired  How  of  water  and  then 
to  turn  on  the  number  of  heating  units  necessary  to 
furnish  a  water  temperature  just  under  that  which  is 
desired.  The  temperature  is  then  raised  and  held 
to  the  desired  degree  by  the  heating  element  controlled 
by  the  thermostat.  With  an  appreciable  change  in 
the  temperature  of  the  water  supply  it  is  necessary  to 
regulate  the  thermostat  accordingly. 


BRASS  LOCK  COLLAR 


8AKELITE   CORE 


BRASS  CUP 


-BRASS  SHELL 


WOOD'S   METAL 


OIL  RESERVOIR 


SECTIONAL  ELEVATION 


SECTION   A-A 
Fig.  3. — Details  of  Fuse  Plug 

The  temperature  of  the  laboratory  tap  water  fre- 
quently rises  above  75°  F.  during  the  summer  months 
and  necessitates  some  method  of  cooling  the  water 
when  it  is  used  for  storage.  This  is  usually  done  by 
icing  or  by  the  use  of  an  automatic  electric  refrigerat- 
ing machine.  In  the  present  installation  the  "bleed" 
of  the  iced  drinking-water  system  for  the  office  build- 
ing is  used  to  supply  the  water  for  the  moist  closet 
and  storage  tanks.  The  water  is  delivered  to  the  heat- 
ing coils  at  a  temperature  of  about  50°  F.  and  is  heated 
to  the  desired  temperature.  It  is  possible  that  the 
most  satisfactory  results  could  be  obtained  by  the 
use  of  a  refrigerating  machine,  but  with  cold  water 
available  from  the  drinking  system  the  cost  of  the 
former  was  considered  not  justified. 

The  second  feature  of  interest  is  the  fuse  plug 
(fig.  1,  E)  which  protects  the  heating  coils  against 
burning  out.  In  the  past  the  coils  have  burnt  out 
by  overheating  resulting  from  stoppage  of  the  valves 
or  pipe  line  with  sediment  or  from  the  water  supply 
being  shut  off  without  the  knowledge  of  the  laboratory 
personnel.  When  either  happens  the  water  in  the 
pipe  coils  quickly  reaches  the  boiling  point  and  the 
heating  element  is  destroyed.     To   prevent   this,   the 


Fig.   4. — Typical  Temperature   Records 

fuse  plug  is  inserted  in  the  pipe  coil  just  beyond  the 
last  heating  element.  This  plug,  shown  in  Figure  3, 
is  inserted  in  one  side  of  the  line  from  the  main  switch 
to  the  heating  coils.  It  consists  of  a  brass  shell, 
threaded  to  screw  in  a  2-inch  standard  tee,  a  bakelitc 
center  core,  and  a  brass  lock  collar  which  holds  the 
bakelitc  core  in  position.  Brass  terminals  are  mounted 
in  the  bakelite  core  and  project  into  the  interior  open- 
ing. Contact  is  made  between  the  two  terminals  by 
Wood's  metal,  an  alloy  of  bismuth,  lead,  tin,  and  cad- 
mium, which  melts  at  about  60^°  C. 

Should  the  temperature  "of  the  water  in  the  pipe 
coil  rise  to  this  point,  the  Wood's  metal  will  melt  and 
break  the  contact  between  the  terminals,  thus  open- 
ing the  heating-coil  circuit.  This  is  similar  to  the 
device  used  in  some  electric  coffee  percolators.  The 
molten  Wood's  metal  is  caught  by  a  brass  cup  and 
may  be  used  again  to  close  the  circuit.  To  permit 
better  transfer  of  heat  from  the  outside  water  to  the 
alloy  and  also  to  preclude  the  formation  of  an  arc 
across  the  terminals,  the  interior  of  the  plug  is  filled 
with  a  light  lubricating  oil. 

The  third  feature  of  interest  is  the  apparatus  for 
raising  the  humidity  of  the  air  in  the  moist  closet 
quickly.  This  consists  of  a  centrifugal  blower  (fig.  1, 
F.)  which  draws  air  from  the  moist  closet,  forces  it 
through  a  conical  spray  of  water,  and  returns  it  to  the 
moist  closet.  The  apparatus  is  mounted  on  top  of 
the  moist  closet.  The  water  is  discharged  by  the 
spray  nozzle  (fig.  1,  G)  into  a  mixing  cone  (fig.  1,  II), 
where  it  hits  a  section  (fig.  1,  I)  of  the  cone  at  an  angle 
of  about  45°,  is  deflected  at  right  angles  to  its  original 
path,  and  meets  the  stream  coming  from  the  other 
side  of  the  cone.  This  produces  a  mist  which  i^ 
picked  up  by  the  air  stream  and  is  carried  into  the 
moist  closet. 

The  spray  and  blower  are  run  only  during  working 
hours  when  the  moist-closet  doors  are  being  opened  to 
insert  specimens.  During  the  night  2  inches  of  water 
in  the  bottom  of  the  cabinet  are  depended  upon  to 
keep  the  humidity  up  to  the  desired  degree 

Several  types  of  spray  nozzles  have  been  experi- 
mented with  but  none...'  them  have  given  entirely  satis- 
factory   results.     The    humidity    in    the    cabinet     I 
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THE  EFFECT  OF  THE  LENGTH  OF  THE  MIXING  PERIOD 
ON  THE  QUALITY  OF  THE  CONCRETE  MIXED  IN 

STANDARD  PAVERS 

BY  THE  DIVISION  OF  MANAGEMENT,  BUREAU  OF  PUBLIC  ROADS » 

Reported  by  J.  L.  HARRISON,  Highway  Engineer 


A  RECENT  survey  of  the  specifications  governing 
the  mixing  of  concrete  for  highway  pavement 
indicates  that  33  States  require  a  one-minute 
mix,  6  a  one  and  one-fourth  minute  mix,  and  9  a  one 
and  one-half  minute  mix.  Specifications  are  con- 
stantly being  changed  and  a  summary  of  this  kind  may 
be  in  error  before  it  is  published.  This  is  mentioned 
only  to  indicate  the  lack  of  standardization  now 
prevailing. 

It  may  be  admitted  at  once  that  absolute  standardi- 
zation of  highway  practice  in  all  of  its  elements  is 
neither  practicable  nor  desirable.  Conditions  vary 
from  place  to  place  and  as  a  general  rule  are  not  so 
uniform  over  an  area  as  large  as  the  United  States  as 
to  justify  the  adoption  of  uniform  requirements.  But 
in  respect  to  the  mixing  time  of  concrete  a  somewhat 
different  condition  prevails.  The  same  kinds  of  mixers 
are  used  from  one  coast  to  the  other  and  their  mixing 
action  is  not  subject  to  regional  variation.  Cement  is 
a  relatively  uniform  product,  and  water  outstandingly 
so.  Aggregates  differ  considerably  and  are  used  in 
different  proportions,  but  there  is  very  little  reason  to 
suppose  that  the  variations  permitted  have  any  impor- 
tant effect  on  the  physical  processes  involved.  These 
and  other  minor  considerations  suggest  that  the  com- 
monly accepted  reason  for  varying  specified  practices 
from  region  to  region — namely,  that  variations  in  the 
controlling  conditions  compel  these  variations — does 
not  properly  apply  here. 

EFFECT  OF  MIXING  TIME  UPON  QUALITY  OF  CONCRETE  ONLY  FIRST 
PHASE  OF  INVESTIGATION 

The  required  mixing  period  establishes  a  limit  on  the 
amount  of  concrete  which  can  be  placed  during  any 
given  period  of  time.  Previous  studies  have  shown 
that  with  a  mixing  period  of  one  and  one-half  minutes, 
only  34  batches  can  be  placed  per-  hour,  which  is  340 
batches  per  10-hour  day;  or,  for  a  standard  18-foot 
Maricopa  section,  about  910  lineal  feet  of  pavement  if 
a  6-bag  batch  (1:2:33^  mix)  is  used.2  If  a  one-minute 
mixing  period  is  specified,  48  batches  can  be  placed  per 
hour  which,  under  the  same  conditions,  is  about  1,290 
lineal  feet.  If  operating  costs  (labor,  equipment 
operation,  depreciation,  etc.)  run  about  $400  per  work- 
ing day — and,  while  these  costs  differ  somewhat  from 
place  to  place  and  from  job  to  job,  this  figure  is  as  fair 
as  any,  the  labor  and  equipment  costs,  overhead,  etc., 
incident  to  laying  concrete  pavement  can  not  in  the 
first  case  be  cut  much  under  22  cents  a  square  yard, 
while  in  the  second  case,  they  can  be  forced  down  to 
about  15  cents — a  saving  which  runs  into  large  figures 
when  the  amount  of  pavement  laid  annually  under  a 
long-time  mixing  requirement  is  considered. 

1  This  study  was  made  possible  through  the  hearty  cooperation  of  the  several  State 
highway  departments  and  the  contractors  doing  the  construction.  Among  the  field 
men  of  the  bureau  engaged  on  the  work  were  A.  C.  Taylor,  C.  F.  Rogers,  R.  E. 
Tribou,  W.  A.  Blanchette,  T.  E.  Resting,  F.  R.  Hall,  F.  W.  Pierce,  jr.,  and 
T.  C.  Thee. 

2  Harrison,  J.  L.  Efficiency  in  Concrete  Road  Construction,  Public  Roads, 
vol.  6,  Nos.  9,  10,  11,  12,  and  vol.  7,  No.  1. 
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The  ultimate  objective  of  the  investigation  of  which 
this  paper  is  a  partial  report  is  the  more  accurate 
determination  of  the  effect  of  variation  in  the  mixing 
time  upon  the  cost  of  concrete  production.  At  the 
outset,  however,  it  has  been  recognized  that  require- 
ments of  strength  and  uniformity  probably  impose  a 
definite  limit  below  which  it  is  not  safe  to  reduce  the 
mixing  time  in  order  to  obtain  further  reduction  of 
cost.  Hence,  as  a  first  phase  of  the  investigation,  a 
study  has  been  made  of  the  effect  of  several  mixing 
periods  upon  the  quality  of  the  resulting  concrete 
product. 

In  a  general  way  research  has  indicated  that  there 
is  a  difference  between  the  strength  of  concrete  mixed 
for  very  short  periods  and  that  mixed  a  long  time. 
This  investigation  is  not  designed  to  attack  this  con- 
clusion and  does  not  set  it  aside.  Rather,  a  situation 
is  faced  in  which  at  the  moment  our  interest  is  neither 
in  the  effect  of  very  short-time  mixing,  because  modern 
pavers  can  not  be  served  fast  enough  to  make  any  real 
use  of  a  mixing  period  shorter  than  45  seconds,  nor  in 
mixing  periods  beyond  about  90  seconds,  because  these 
already  have  been  generally  abandoned  as  obviously  too 
expensive  to  justify  whatever  benefit  to  quality  may 
result  from  their  use. 

But,  while  the  question  directly  involved  is  as  to  the 
effect  of  mixing  periods  of  from  45  seconds  to  90 
seconds  on  quality,  it  may  be  well  to  repeat  that  the 
controlling  purpose  of  the  investigation  has  been  to 
determine  whether  the  cost  of  concrete  pavements 
can  be  reduced  through  modifications  in  the  pre- 
vailing specifications  as  to  the  time  concrete  must  be 
mixed.  In  other  words,  this  is  not  to  be  considered 
as  a  research  on  the  general  relationship  existing 
between  mixing  time  and  strength.  No  effort  has 
been  made  to  extend  the  scope  of  the  investigation 
much  beyond  the  rather  narrow  range  of  time  limits 
which  may  be  applicable  in  the  paving  field,  or  to 
examine  ranges  in  water  content  not  appropriately 
used  in  this  field. 

On  account  of  the  deliberately  limited  scope  of  the 
investigation  this  report  is  not  to  be  accepted  as  justi- 
fying a  shortened  mixing  period  when  types  or  sizes  of 
mixers  other  than  the  standard  2 IE  and  27E  pavers 
are  used ;  nor  do  the  conclusions  which  are  drawn  apply 
to  concrete  of  other  mixes  (including  water)  than  those 
in  general  use  in  highway  work.-  The  writer  does  not 
know  that  the  results  do  not  apply  to  these  other  con- 
ditions. These  simply  have  not  been  examined,  and 
conclusions  can  not  be  drawn. 

THE  EFFECT  OF  MIXING  TIME  ON  PRODUCTION 

Under  current  specifications,  as  commonly  enforced, 
the  minimum  time  required  per  batch  for  various 
mixing  periods  and  the  number  of  batches  that  could 
be  produced  in  an  hour  if  the  rates  shown  could  be 
maintained  without  interruption  or  loss  of  time,  are 
given  in  Table  1.     To  produce  concrete  at  the  rates 
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shown  for  the  several  mixing  periods  it  must  be  assumed 
that  there  is  no  loss  of  time  between  batches,  and  that 
the  mixer  is  operated  continuously  for  the  full  length 
of  the  working  day.  In  practice,  such  full  production 
is  seldom  if  ever  attained;  and  production  averaging 
70  per  cent  of  the  theoretical  maximum  would  ordin- 
arily be  considered  quite  satisfactory. 

Table  1. — Minimum  time  required  per  batch  for  various  mixing 

periods 


Specified  mixing  time 


To  raise  skip --_ 

Charging  lag  (to  permit  all  material  to  run 
into  drum) - 

Actual  mixing  time,  all  other  operations 
fully  overlapped 

Total  time  required 

Batches  to  be  had  per  hour 


minutes 


Seconds 
10 


105 
34 


minutes 


Seconds 
10 


411 


minute 


Seconds 
10 

5 

60 


Seconds 
10 


Whether  the  mixing  period  be  one  and  one-half 
minutes  or  three-fourths  minute,  therefore,  it  must  be 
recognized  at  the  outset  that  the  full  production 
corresponding  to  the  two  periods  can  not  be  hoped  for. 
From  a  practical  standpoint  the  important  questions 
are  whether  the  reduction  in  the  mixing  period  can  be 
utilized  to  increase  production  and  how  fully  it  can  be 
utilized.  These  are  questions  which  are  being  studied 
in  another  phase  of  the  current  investigation. 

It  must  be  admitted  that  it  is  much  easier  to  organize 
a  job  to  serve  the  mixer  fully  for  a  one  and  one-half 
minute  mix  than  it  is  to  serve  a  three-fourths  minute 
mix.  Still,  records  collected  by  the  bureau's  represent- 
atives on  19  jobs  in  a  State  where  a  one  and  one-fourth 
minute  mix  is  required,  show  an  average  hourly  output 
of  only  22  batches  during  periods  when  work  is  under 
way,  while  an  average  hourly  production  of  over  40 
batches  is  rather  common  in  another  section  where  a 
one-minute  mix  is  permitted,  and  averages  of  over  45 
batches  per  hour  are  known  to  have  been  sustained 
over  considerable  periods  of  time.  This  suggests  that 
there  is  a  tendency  for  the  actual  rate  of  production 
to  fall  below  the  maximum  permissible  rate  whether 
the  latter  be  relatively  low  or  high,  and  that  the  actual 
rate  rises  as  the  permissible  rate  is  raised.  If  this  be 
true,  then  the  questions  that  remain  to  be  determined 
are  (1)  to  what  minim um  period  is  it  possible  to  reduce 
the  mixing  time  and  economically  utilize  the  time  saved 
to  increase  production,  and  (2)  what  is  the  minimum 
period  of  mixing  that  will  produce  a  concrete  of  satis- 
factory strength  and  uniformity.  The  first  of  the 
questions  is  being  attacked  in  the  other  phase  of  the 
investigation,  previously  mentioned;  the  second  is  the 
subject  of  this  report. 

STUDIES  COVER  A  WIDE  SCOPE 

In  collecting  the  data  reported  in  this  article  studies 
have  been  made  on  projects  in  Michigan,  Missouri, 
Kansas,  Tennessee,  Texas,  South  Carolina,  and  Okla- 
homa. Over  2,000  cylinders  have  been  broken, 
records  on  some  1,500  of  which  are  reported  in  this 
article,  together  with  a  considerable  number  of  beams 
and  cores. 

All  of  this  work  has  been  done  in  cooperation  with 
the  State  highway  departments  of  the  States  where 
studies  were  made  and  in  harmony  with  the  technical 


suggestions  of  the  State  engineers.  Numerous  con- 
tractors have  cheerfully  furnished  concrete  for  the 
cylinders  and  the  beams  without  charge,  and  often 
have  contributed  labor  and  in  other  ways  assisted  in 
making  this  study  a  success. 

The  prevailing  opinion  as  to  the  importance  of 
mixing  time  is  based  almost  entirely  on  determina- 
tions of  compressive  strength  which  is  the  most  gener- 
ally accepted  criterion  of  quality,  and  it  has  been  freely 
used  In  this  series  of  studies.  To  have  done  otherwise 
would  have  raised  a  reasonable  question  as  to  what  the 
results  mean  in  terms  known  and  accepted  by  the 
industry  generally. 

The  use  of  cores  taken  from  the  finished  work  has 
some  advantages  over  the  use  of  cylinders  as  a  means 
of  determining  what  strength  is  actually  being  ob- 
tained. Where  it  has  been  possible  to  do  so,  cores 
have  been  taken  as  a  check  on  the  results  obtained 
from  the  cylinders. 

The  modulus  of  rupture  has  recently  come  into  some 
use  as  a  means  of  studying  quality.  While  it  is  by  no 
means  well  established  as  such,  or  as  well  standardized 
as  the  compression  test,  it  has  been  deemed  wise  to 
use  both  cylinders  and  beams  on  a  few  of  the  jobs 
where  studies  were  conducted,  the  purpose  being  to 
learn  whether  transverse  bending  tests  would  show 
results  clearly  different  from  those  obtained  by  using 
standard  compression  tests. 

The  general  plan  of  this  study  follows  the  usual 
practice  in  studies  of  this  sort,  in  that  it  is  a  series  of 
determinations  of  compressive  strength  of  molded 
cylinders,  but  the  compressive-strength  data  which 
has  been  secured  has  been  amplified  and  confirmed  by 
tests  on  cores  and  on  beams  as  often  as  field  conditions 
permitted.  It  should,  therefore,  be  somewhat  more 
conclusive  than  a  study  based  on  only  one  of  these 
methods  of  determining  quality. 

PROCEDURE  IN  FIELD  STUDIES  DESCRIBED 

The  details  of  these  studies  have  varied  a  little  from 
job  to  job,  these  variations  having  been  dictated  in  part 
by  the  information  gathered  as  a  result  of  the  earlier 
tests,  and  in  part  by  the  preferences  of  the  State 
authorities  whose  cooperation  was  secured.  On  the 
first  projects  studied,  cylinders  were  taken  for  30- 
second,  45-second,  60-second,  90-second,  120-second 
and  180-second  mixes.  On  later  jobs  the  work  was 
limited  to  45-second,  60-second,  and  90-second  mixes. 
On  occasional  jobs  a  75-second  mix  was  used  instead  of 
or  in  addition  to  a  90-second  mix. 

As  a  general  rule  the  full  batch  was  dumped  on  the 
subgrade  at  the  end  of  the  mixing  period,  material  for 
one  cylinder  and  for  a  slump  test  being  taken  from 
about  the  center  of  the  batch.  In  a  few  instances  more 
than  one  cylinder  was  taken  from  the  batch.  Generally 
no  objection  has  been  raised  to  the  use  of  a  limited 
number  of  short-time  batches  in  the  finished  road  but 
in  a  few  cases  the  State  authorities  preferred  not  to  do 
this,  and  in  these  cases  the  effect  of  short- time  mixing 
(30  and  45  seconds)  was  determined  by  discharging  only 
a  portion  of  the  batch  from  which  a  fair  sample  was 
selected.  On  two  jobs  (Michigan  Federal-aid  projects 
187 A  and  187B)  a  full  series  of  cylinders  (one-half 
minute  to  three  minutes)  was  taken  each  day  from  a 
single  batch,  a  sample  of  the  concrete  being  discharged 
into  a  galvanized-iron  bucket  after  each  mixing  period 
in  the  series,  the  balance  of  the  material  being  retained 
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in  the  drum  and  discharged  after  the  three-minute 
sample  had  been  taken.  While  this  sort  of  sampling 
is  hardly  to  be  recommended,  no  significant  variations 
in  results  appear  to  have  resulted  from  it  or  from  any  of 
the  other  differences  in  the  manner  of  taking  samples. 
Cylinders  were  prepared  as  required  by  the  A.S.T.M. 
standards  and,  except  as  otherwise  noted,  were  cured  in 
moist  earth  until  shipped  to  the  laboratory.  They 
were  broken,  as  were  all  cores,  under  the  practices 
prevailing  in  the  laboratories  to  which  they  were  sent, 
except  in  the  case  of  work  done  in  Missouri,  where, 
through  the  courtesy  of  authorities  of  the  University 


of  Missouri,  cylinders  were  broken  in  the  university 
laboratory  by  one  of  the  bureau's  engineers.  All  test 
cylinders  and  beams  were  broken  at  28  days  except  in  a 
few  instances  where  they  were  broken  at  27  or  29  days. 
Slump  tests  were  made  regularly  as  were  moisture 
determinations  and  analyses  of  the  aggregates  used. 
A  record  was  kept  of  the  quality  of  the  cement.  The 
number  of  revolutions  per  minute  at  which  the  mixer 
drum  was  operated  was  determined  at  frequent  inter- 
vals. The  operation  of  the  water  tank  was  checked 
from  time  to  time  and  the  accuracy  of  the  water 
gauges  checked  as  often  as  conditions  required. 


*  IS,  ^ 


Organization  on  One  of  the  Jobs  Studied.     Practically  All  of  the  Jobs  Studied  were  Well  Organ- 
ized and  Equipped 


Table  2. — Data  on  cylinders  taken  on  Federal-aid  project  1S6X  in  Kaufman  County,  Tex. 
[Mix  1:2:3.4;  gravel  coarse  aggregate;  Koehring  mixer  in  good  condition] 


30-second  mix 

45-second  mix 

60-second  mix 

90-second  mix 

120-second  mix 

180-second  mix 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 

c 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Inches 

1 

0.67 
.71 
.63 
.63 

.62 
.67 
.71 

Lbs.  per 
sq.  in. 
5,470 
5,  720 
5,890 
6,220 
5.000 
5,  470 
5.720 

Inches 

m 

Hi 

IX 
2X 

iX 
lX 

>x 

'X 

0.69 
.66 
.69 

.74 
.77 
.55 
.55 
.55 
.55 

Lbs.  per 
sq.  in. 
5,620 
6,080 
6,670 
6,  430 
5,470 
5,775 
6,  575 
6,110 
6,820 

Inches 

\y% 

IX 
l 

2 
2 

2X 
IX 

Wi 

m 

2 

iX 

2 

2 

'A 

iy2 
'A 
1H 

0.66 
.66 
.67 
.67 
.67 
.67 
.68 
.67 
.66 
.66 
.66 
.71 
.67 
.63 
.57 
.57 
.57 
.57 

Lbs.  per 
sq.  in. 
5,880 
6,980 
5,310 
5,970 
5,520 
4,750 
6,450 
6,280 
6,670 
6,270 
6,110 
5,870 
5,770 
5,980 
5,630 
5,230 
5,475 
5,470 

Inches 

2' 4 

2X 

2 

2 

2 

M/2 

'M 
"M 

0.68 
.68 
.65 
.65 
.66 
.58 
.58 
.58 
.58 

Lbs.  per 
sq.  in. 
5,660 
5, 520 
6,360 
5,960 
6.050 
6,220 
6,  310 
6,  565 
6,  420 

Inches 
W 

2 

2 

IX 
IX 

'■-• 

'M 
■H 

0.66 
.63 
.63 
.68 
.68 
.57 
.57 
.57 
.57 

Lbs.  per 
sq.  in. 
5,480 
6,125 
6,550 
4,015 
4,820 
4,870 
4,500 
5,670 
4,485 

Inches 
IX 
Hi 

2K 

IX 

2X 

IX 

2 

2 
2 

0.71 
.71 
.68 
.68 
.68 
.68 
.66 
.66 
.66 

Lbs.  per 
sq.  in. 

6,410 
6,460 
5.  570 
6,180 

1M 
Hi 

2 

1 
1 

6,  930 
6,  230 
6,870 

Av.  1.25 

.664 

5,641 

1.25 

.639 

6,172 

1.54 

.645 

5,867 

1.39 

.626 

6,118 

1.36 

.618 

5,168 

1.94 

.68 

6,378 

1  Water-cement  ratio  controlled  at  low  point  for  test  purposes. 
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DATA  SECURED  INDICATES  STRENGTH  NOT  INCREASED  BY  LONGER 
MIXING  PERIODS 

The  tables  which  follow,  together  with  the  com- 
ments on  them,  give  most  of  the  results  obtained 
during  the  study  and  discuss  the  manner  in  which 
these  tables  bear  on  the  question  of  appropriate 
mixing  time. 


Table  3. — Results  of  compressive-strength  tests  made  on  cores  taken 
from  Federal-aid  project  136  in  Kaufman  County,  Tex. — Cores 
taken  at  ages  varying  from  28  to  55  days  and  tested  within  a  few 
days  after  being  drilled 


Making  Slump  Test  and  Casting  Beams  on  Oklahoma 
Federal-aid  Project  148E 

The  cylinders  and  the  cores  recorded  in  Tables  2  and 
3  were  taken  from  Texas  Federal-aid  project  136, 
Kaufman  County,  Tex.,  which  was  constructed  under 
the  direct  supervision  of  S.  J.  Treadaway,  county 
engineer,  through  whose  courteous  assistance  this  work 
was  made  possible.  The  high  strength  as  well  as  the 
unusual  uniformity  of  the  results  deserve  special 
note.  Except  as  otherwise  noted,  the  cylinders  taken 
on  this  job  represent  the  normal  run  of  concrete,  no 
special  precautions  having  been  taken  to  insure  a 
more  uniform  water  content  than  was  in  ordinary 
use.  Each  cylinder  represents  a  separate  batch  of 
concrete.  Table  3  gives  the  strength  of  a  group  of 
cores  cut  from  this  pavement.  The  crushing  strength 
of  these  cores  entirely  confirms  the  high  quality  of 
this  concrete.  The  tendency  of  long-time  mixing  to 
slightly  increase  the  slump  should  be  noted. 

Table  4  gives  the  breaking  strengths  of  a  number  of 
cylinders  taken  by  the  regular  inspector,  all  of  which 
were  mixed  one  minute.  These,  too,  confirm  the  high 
quality  of  this  work. 

There  is  little  to  be  said  in  explanation  of  the  results 
shown  by  this  series  of  cylinders.  The  average  strength 
of  cylinders  mixed  one-half  minute  is  a  little  less  than 
10  per  cent  lower  than  the  strength  of  those  mixed 
three-fourths  minute.  The  average  strength  of  the 
cylinders  taken  from  batches  mixed  three-fourths 
minute  is  higher  than  the  average  strength  of  any 
other  group  except  those  mixed  three  minutes.  How- 
ever,  there  is  no  significance  in  these  differences  as 
the  three-minute  cylinders  average  only  about  3  per 
cent  stronger  than  the  45-second  cylinders,  a  difference 
so  much  less  than  the  margin  of  error  which  must  be 
allowed  in  work  of  this  kind  that  it  must  be  ignored 
unless  it  can  be  shown  to  persist  through  a  long  series 
of  tests. 

The  cores  taken  from  the  45-second  batches  were 
stronger    than    those    taken    from    the    three-minute 


45- 
second 
mix 

60- 

second 

mix 

90- 

second 

mix 

120- 

second 
mix 

180- 

second 

mix 

Lbs.  per 

sq.  in. 

5,670 

6,080 

6,240 

Lbs.  per 

sg.  in. 

i  4, 740 

6, 250 

i  3, 790 

6,160 

6,090 

5,900 

5,  860 

5, 800 

5,700 

5,430 

5,  700 

Lbs.  per 

sq.  in. 

7,280 

5,690 

Lbs.  per 

sq.  in. 

6,320 

5,800 

6,590 

Lbs.  per 
sq.  in. 
6,210 
5,550 

Av.  5997 

5,877 

6,485 

6,237 

5,880 

1  Probably  damaged;  omitted  from  average. 

Table  4. — Compressive  strengths   of  cylinders   taken   by   regular 

inspector  on  Federal-aid  project  136  in  Kaufman  County,  Tex. 

[All  batches  were  mixed  1  minute] 

(In  pounds  per  square  inch) 


5,830 

5,  450 

6,270 

5,530 

5,840 

5,  750 

6,680 

5,950 

5,490 

5,620 

6,440 

5,610 

5,470 

6,300 

6,810 

5,800 

5,700 

6,750 

6,230 

5,600 

5,320 

6,560 

6,630 

6,150 

5,300 

6,000 

6,280 

5,845 

5,900 

6,860 

5,480 

6,140 

5,960 

5,730 

6,450 

6,500 

6,210 

4,990 

6,150 

6,540 

6.330 

4,870 

5,750 

5,620 

6,530 

5, 140 

6,500 

6,935 

6,020 

6,360 

5,830 



5,540 

6,720 

5,390 

A  v.  5,  999 

6,630 

6,690 

4,970 

batches.  As  in  the  case  of  the  cylinders,  this  difference 
is  due  to  the  wide  difference  between  the  maximum 
and  minimum  strength  that  is  usually  found  in  a 
series  of  cylinders  or  cores.  A  few  more  than  the 
ordinary  proportion  of  good  or  bad  specimens  will 
yield  an  average  that  is  out  of  line.  Taking  this  fact 
into  consideration  it  does  not  appear  that  there  is  any 
significant  difference  in  the  strengths  obtained  under 
the  various  mixing  times  from  45  seconds  up,  either 
as  indicated  by  the  cylinders  or  by  the  cores. 

Another  matter  to  be  noted  is  that  the  uniformity 
of  the  results  has  not  been  increased  by  the  longer 
mixing.  The  maximum  variation  in  the  strength  of 
45-second  cylinders  is  about  1,350  pounds.  The  maxi- 
mum variation  in  the  strength  of  the  three-minute 
cylinders  is  1,360  pounds.  This  condition  persists 
throughout  this  study. 

The  matter  of  most  importance  is  that  concrete  of 
the  highest  quality — averaging  more  than  twice  the 
strength  commonly  called  for  in  specifications  govern- 
ing this  work — was  obtained  with  a  mixing  time  of 
45  seconds  and  that  concrete  having  a  strength  of 
5,600  pounds  and  with  a  uniformity  in  test  results 
equal  to  that  secured  by  mixing  the  batch  three 
minutes  was  mixed  in  30  seconds.  Time  in  this  work 
was  read  from  the  instant  the  timer  was  set  with  no 
allowance  for  lag  in  getting  materials  into  the  drum. 
The  mixing  time,  as  used  here,  is,  therefore,  about  two 
seconds  less  than  the  time  required  as  specifications 
are  commonly  interpreted.  This  series  of  cylinders 
and  cores  suggests  that  mixing  hi  excess  of  three- 
fourths  minute,  was  not  a  factor  in  obtaining  either 
strength  or  uniformity  in  test  results  and  that  the 
strength,  at  least  as  far  as  it  can  be  determined  by 
standard  tests,  depended  on  other  factors. 
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NO  DIFFERENCE  IN  RESULTS  SECURED   WITH  STANDARD  21E  AND 
27E  MIXERS 

Table  5  gives  the  strength  of  a  few  cylinders  obtained 
from  a  job  in  Bowie  County,  Tex.,  which  was  con- 
structed under  the  immediate  supervision  of  D.  K. 
Caldwell,  consulting  engineer. 

Table  5. — Results  of  compression  tests  on  cylinders  from  Texas 
Federal-aid  project  415C  in  Bowie  County,  all  batches  mixed 
1  minute 

[Mix  1:2:3J4;  gravel  coarse  aggregate;  Koehring  mixer  in  good  condition  and  new 
Ransome  mixer] 


6-bag  mixers  used  on  Texas  project  415C.  In  this 
case  the  average  strength  of  concrete  mixed  45  seconds 
was  higher  than  that  mixed  a  longer  or  a  shorter  period. 
I  here  was  some  difference  in  the  materials  used  on  this 
and  the  precedmg  job  but  the  cement  tested  as  high  on 
this  job  as  on  the  other.  The  water  content  as  de- 
termined in  the  field  was  low.     It  will  also  be  noted 


Slump 

Compres- 
sive 
strength— 
Koehring 
mixer 

Compres- 
sive 
strength— 
Ransome 
mixer 

Slump 

Compres- 
sive 
strength — 
Koehring 
mixer 

Compres- 
sive 
strength— 
Ransome 
mixer 

Incites 
1 
1 

IX 
IK 
IX 
IX 

IK 

Lbs.  per 
sg.  in. 
6,370 
6,380 

6,790 
6,000 

Lbs.  per 
sg.  in. 

Inches 
IX 
2 
2 
2 
3 
3 

Average.. 

Lbs.  per 
sg.  in. 
5,580 

Lbs.  per 
sg.  in. 

7,000 
7,620 
5,875 
6,490 

6,450 
6,060 
5,510 
4,750 
5,440 
5,820 

'  4,  720 
1  4,  790 

11,   INS 

6,101 

6,010 

'  Notjincluded  in  average  because  of  high  water^content. 


Drying  Out  a  Batch  of  Fresh  Concrete  to  Check 
Proportions  and  Water-Cement  Ratio 


Table  6. — Data  on  cylinders  taken  on'_Federal-aid  project  479  in  Bowie  County,  Tex. 
[Mix  1:2:3H;  gravel  coarse  aggregate;  Koehring  and  Ransome  mixers  in  good  condition] 


30-second  mix 

45-second  mix 

60-second  mix 

90-second  mix 

120-second 

mix 

Slump 

w 

c 

Com- 
pressive 

Slump 

W 
C 

Com- 
pressive 

Slump 

W 

Com- 
pressive 

Slump 

W 

Com- 
pressive 

Slump 

W 

Com- 
pressive 

strength 

strength 

c 

strength 

c 

strength 

C 

strength 

Lbs.  per 

Lbs.  per 

Lbs.  per 

Lbs.  per 

\ 

Lbs.  per 

Inches 

sg.  in. 

Inches 

sg.  in. 

Inches 

sg.  in. 

Inches 

sg.  in. 

Inches 

sg.  in. 

1H 

0.414 

3,420 

IX 

0.649 

4,150 

m 

0.402 

4,830 

2 

0.560 

4,790 

2 

0.532 

3, 360 

3 

.469 

3,280 

lA 

.649 

4,380 

m 

.425 

4,950 

3A 

.618 

3,920 

X 

.534 

4,750 

1* 

.462 

4,480 

2 

.677 

4,400 

i 

.369 

4,680 

2y2 

.591 

4,590 

IX 

.503 

3,440 

.498 

4,240 

iX 

.605 

4,510 

IX 

.515 

3,440 

2X 

.612 

4,100 

1 

.459 

4,850 

IX 

.478 

4,920 

IX 

.617 

4,330 

2 

.500 

3,750 

X 

.537 

4,920 

2 

.557 

3,630 

IX 

.484 

5,200 

Hi 

.537 

4,800 

IX 

.468 

3,650 

m 

.543 

4,560 

IX 

.523 

3,870 

H 

.480 

3,920 

M 

.632 

5,010 

2 

.468 

3,640 

2X 

.595 

4,600 

IX 

.437 

3,820 

l 

.477 

4,450 

X 

.550 

4,660 

m 

.515 

3,920 

2A 

.566 

4,910 

IX 

.503 

3,090 

IX 

.477 

3,070 

IX 

.610 

4,560 

2 

.491 

'2,600 

2 

.582 

3,860 

A 

.465 

4,600 

IX 

.572 

4,010 

2X 

.515 

3,950 

2 

.617 

4,516 

Av.  1. 17 

.470 

4,158 

1.62 

.610 

4,481 

1.72 

.467 

4,090 

2.20 

.582 

4,477 

1.34 

.506 

3,851 

1  Omitted  from  average. 

As  in  the  Kaufman  County  work,  the  high  strength 
of  the  concrete  and  the  uniformity  of  test  results  de- 
serve special  notice.  No  effort  was  made  to  vary  the 
water  content  of  the  batches  from  which  cylinders  were 
taken  from  that  used  in  normal  operation.  The  sig- 
nificant fact  in  this  series  of  tests  is  that  two  mixers 
were  used.  The  job  was  started  with  a  5-bag  machine 
of  the  same  type  as  used  on  the  Kaufman  County  job 
which  was  replaced  by  a  new  6-bag  paver  of  a  different 
make.  The  data  secured  show  no  material  difference 
in  the  efficiency  with  which  these  mixers  operate.  It 
has  not  been  possible  to  find  any  significant  difference 
in ''the  efficiency  with  which  the  standard  21E  and 
27E  pavers  of  the  different  recognized  makes  mix  con- 
crete, once  the  materials  are  in  the  drum.  There  is  a 
little  difference  in  the  rate  at  which  the  materials  are 
fed  into  the  drum  and  in  the  case  of  the  older  models 
of  one  or  two  of  the  standard  pavers,  the  drum  is 
charged  so  slowly  that  this  fact  must  be  taken  into 
consideration  in  determining  the  actual  mixing  time. 

Table  6  gives  results  secured  from  cylinders  taken  on 
another  job  where  the  concrete  was  mixed  by  the  same 


that  the  water-cement  ratio  as  determined  varied  quite 
a  little  and  that  the  slump  does  not  always  agree  with 
the  water-cement  ratio.  The  results  of  the  field  de- 
terminations of  water  content  on  this  project  are  pub- 
lished in  spite  of  the  fact  that  they  vary  a  good  deal  and 
in  some  instances  are  rather  low,  because  they  show 
the  kind  of  variations  almost  certain  to  be  encountered 
on  a  paving  job  and  the  difficulty  which  is  faced  in 
securing  uniform  water  content  and  uniform  concrete. 
The  inspection  on  this  job  was  far  above  average, 
the  superintendent  for  the  contractor,  a  man  of  out- 
standing ability,  and  the  contractor,  himself  an  engi- 
neer, a  man  whose  first  purpose  appeared  at  all  times 
to  be  the  delivery  of  the  best  quality  of  work  engineering 
skill  could  produce.  The  bureau's  work  on  this  project 
was  done  by  the  same  men  who  secured  the  data  given 
in  Tables  2,  18,  and  21.  These  facts  appear  to  warrant 
the  statement  that  the  control  of  the  major  factors 
affecting  strength  requires  more  study  in  order  to  devise 
methods  of  construction  that  protect  strength  and  uni- 
formity and  at  the  same  time  are  practical  from  the 
production  standpoint. 
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SLOW  CHARGING  OF  MIXER  REFLECTED  IN  RESULTS 

Table  7  gives  the  strength  of  a  number  of  cylinders 
taken  on  another  job  where  the  conditions  prevailing 
were  quite  similar  to  conditions  on  the  job  from  which 
the  cylinders  listed  in  Table  6  were  taken.  In  this  case 
the  mixer — an  old  5-bag  machine — was  about  worn  out. 
The  machine  charged  so  slowly — often  requiring  20 
seconds  or  more  for  the  complete  discharge  of  the 
skip — that  about  15  seconds  should  be  deducted  from 
the  mixing  time  as  recorded  to  make  the  results  directly 
comparable  with  those  secured  on  other  jobs.  Here, 
again,  it  is  apparent  that  45  seconds  of  actual  mixing 


is  sufficient  to  develop  about  all  of  the  strength  the  mix 
will  produce. 

In  general,  the  mixers  which  have  been  studied 
developed  practically  the  full  strength  of  the  concrete 
within  45  seconds  after  the  skip  reaches  full  vertical 
position — if  the  charging  is  slower  than  normal,  that 
is,  if  emptying  the  skip  actually  takes  much  over  five 
seconds — this  has  the  effect  of  reducing  the  mixing 
time  and,  if  an  arbitrary  45-second  mixing  period  is  in 
use,  may  have  a  small  adverse  effect  on  strength.  It 
may  be  well  to  note,  however,  that  even  in  this  case 
where  the  mixer  was  one  of  the  most  dilapidated  found 
on  any  paving  job,  the  loss  of  strength  as  between  a 


Table  7. — Data  on  cylinders  taken  on  Federal-aid  project  $.75  in  Bowie  County,  Tex. 
[Mix  1:  2:3J4;  gravel  coarse  aggregate;  Foote  mixer  in  poor  condition] 


45-second 

mix 

60-second  mix 

75-second  mix 

90-second  mix 

120-second  mix 

180-second  mix 

Slump 

Com- 
pressive 
strength 

Slump 

Com- 
pressive 
strength 

Slump 

Com- 
pressive 
strength 

Slump 

Com- 
pressive 
strength 

Slump 

Com- 
pressive 
strength 

Slump 

Com- 
pressive 
strength 

Inches 

1.25 
1.25 
.50 
.50 
2.00 
2.00 

Lbs.  per 
sq.  ins. 
4,700 
5,330 
4.700 
5,080 
4,910 
4,210 

Inches 
1.50 
1.50 
2.00 
2.00 
4.75 
4.75 

Lbs.  per 
sq.  in. 
5,610 
5,450 
5,  050 
5,200 
3,100 
3,950 

Inches 
1.25 
1.25 
2.50 
2.50 

Lbs   r> ' 
sq.  in. 
5,250 
5,  120 
4,410 
4,  230 

Inches 

2.50 
2.50 
5.00 
5.00 
2.75 
2.  75 

Lbs.  per 

'sq.  in. 

4,520 

1.  Slid 

4,740 
4,980 
5,160 
5,560 

Inches 

■J   00 

2.00 
5.50 
5.50 
2.00 
2.00 

Lbs  pi/ 
sq.  in. 
5,  490 
5,  330 
4,750 
4,560 
4,  950 
4,920 

Inches 
2.50 
2.50 
1.50 

1.50 

Lbs.  per 
sq.  in. 
5,  260 
5,160 
5,110 
5,  460 

Av.        1.25 

4,822 

2.75 

4,727 

1.88 

4,  752 

3.42 

4,970 

3.17 

5,000 

2.00 

5,248 

Table  8. — Data  on  cylinders  taken  on  Federal-aid  project  159 A  in  Okmulgee  County,  Okla. 
[Mix  1:2:3>  i;  gravel  coarse  aggregate;  Koering  mixer  in  good  condition] 


30-second  mix 

45-second  mix 

60-second  mix 

75-second  mix 

90-second  mix 

105-second  mix 

120-seoond  mix 

Slump 

w 

C 

Com- 
pressive 
strength 

Slump 

w 

C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

w        Com- 

,  pressive 
C       strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive : 
strength 

Inches 

0.608 
.505 
.676 
.510 
.506 
.530 
.631 
.565 
.590 
.646 

Lbs.  per 
sq.  in. 
4,740 
5,045 
4,948 
4,750 
5,210 
4,750 
5,095 
5,400 
5,160 
4,800 

Inches 

1 
1 

H 
l 

T6 

114 

1,',. 

m 

0.608 
.565 
.646 
.578 
.506 
.571 
.601 
.580 
.580 
.646 

Lbs.  per 
sq.  in. 
4,940 
4,270 
6,300 
4.750 
5,  540 
4,390 
5,210 
'  3,  600 
5,800 
4,910 

Inches 

m 

m 

m 
m 

A 

A 

i 

% 

6 

0.675 
.590 
.655 
.655 
.620 
.595 
.588 
.603 
.590 
.688 

Lbs.  per 
sq.  in. 
4,860 
5,266 
4,950 
4,415 
4,950 
4,520 
5,980 
5,000 
5,450 
3,630 

Inches 
1A 

1 
1 

% 

1A 
16 

Ire 

m 

7 

0.670 
.646 
.663 
.578 
.598 
.620 
.593 
.628 
.624 
.701 

Lbs.  per 
sq.  in. 
5,150 
5,  720 
5,  650 
4,270 
4,800 
4,690 
5,610 
5,710 
4,865 
5,480 

Inches 
W 

m 

II 

16 

I'6 

1A 

0.675 
.  646 
.516 
.578 
.545 
.678 
.633 
.624 
.607 
.646 

Lbs.  per 
sq.  in 
5,200 
4,845 
4,900 
4,210 
4,265 
4,660 
5,800 
5,840 
5,  650 
4,160 

Inches 

m 

1 

H 
M 

l 
1 

3 

13. 
16 

2A 
2 

0.675 
.641 
.510 
.506 
.525 
.636 
.636 
.592 
.607 
.646 

Lbs.  per 
sq.  in. 
5,  400 
5,320 
5,650 
4,645 
4,645 
5,750 
4,845 
5.210 
5,325 
4,135 

Inches 

1 

A 

A 

H 

1A 

H 

7 

0.595 
.641 
.510 
.545 
.530 
.655 
.565 
.597 
.607 
.701 

Lbs.  per 
sq.  in. 
5,330 
4,895 
5,155 
5,495 
5,000 
5,465 
5,000 
4,950 
5,650 
4,060 

m 
k 

1A 

16 

irV 

Av.     0. 81 

.577 

4,990 

0.75 

.  588         5, 123 

1.49 

.626 

4,902        1.66 

.632 

5,194 

1.26 

.615 

4, 953  1     1. 42     .  597 

5,092 

1.54 

.595 

5,100 

1  Poor  break,  not  included  in  average. 


Table  9. — Data  on  cylinders  taken  on  Oklahoma  State-aid  project  318  in  Okmulgee  County,  Okla.1 
[Mix  1:2:3}^;  gravel  coarse  aggregate;  Rex  mixer  in  poor  condition] 


30-second  mix 

45-second  mix 

60-second 

mix 

75-second 

mix 

90-second  mix 

120-second  mix 

180-second  mix 

Slump 

W 

C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 

C 

Com- 
pressive 
strength 

Slump 

W 

c 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Inches 

m 

3 

u 

Vi 

3 

2 
2 

134 

0.  670 
.615 
.613 
.615 
.  646 
.598 

.  586 
.  609 

Lbs.  per 
sq.  in. 
3,560 
3, 065 
3,380 

3,  975 
2,970 

4,  200 

3,  129 

4.  028 

Inches 
1 
6 
H 

IX 

A 

m 

0.547 
.586 
.593 
.640 
.680 

Lbs.  per 
sq.  in. 
2,740 
2,405 
2,920 
4,  635 
4,880 
3,840 
4,270 

Inches 
04 

1A 
% 

m 

2 

0.606 
.586 
.651 

.671 
.643 

Lbs.  per 
sq.  in. 
4,915 
4,010 
4,710 
4,095 
5,020 
4,655 
4,626 

Inches 
1 
>A 

12 

16 

A 

m 

VA 

m 

iA 

0.606 
.606 
.615 
.646 
.651 

.580 
.609 

Lbs.  per 
sq.  in. 
4,560 
4,740 
5,880 
6,100 

5,087 
4,076 
4,618 

Inches 
1 
n 

16 

a 

5 

A 

0 

234 
IK 

0.547 
.593 
.640 

.598 
.586 

Lbs.  per 
sq.  in. 
4,  500 
4,560 
5,625 
3,274 
4,240 
5, 017 
4,982 
4,786 

Inches 
lA 

434 

« 

2% 

A 

m 

0.613 

Lbs.  per 
sq.  in. 
4,880 
4.  529 

Inches 

0.680 

Lbs.  per 
sq.  in. 
4,635 

.651  !     5^  840 
.671        4,690 
.  643       4,  630 

5,138 

.580       4,892 

m 

.680 

4,635 

Av.  2.25 

i 

.607 

3,  499 

1.75 

.609 

3,670 

1.27 

.631 

4,576 

1.53 

.616 

.-.,  (Kill 

1.48 

.593 

4,623 

1.89 

.632  1     4,942 

1.75 

.680 

4,635 

1  Mixer  was  in  very  poor  condition  due  largely  to  concrete  being  allowed  to  harden  in  drum.    The  material  was  the  same  as  used  on  Federal-aid  project  159-A,  Table  8. 
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45-second  mix  as  measured  from  the  time  the  skip 
reached  a  vertical  position  (that  is  with  no  allowance 
for  mixing  time  lost  by  reason  of  slow  charging)  and 
the  longest  mix  specified  by  any  State  for  highway 
paving  work,  (90  seconds)  was  less  than  4  per  cent. 
For  the  reasons  given  above  data  from  this  job  is  not 
included  in  the  general  averages. 

Table  8  shows  the  results  secured  from  a  series  of 
cylinders  taken  on  Oklahoma  Federal-aid  project  159A 
and  broken  by  the  State  laboratory.  The  specified 
mixing  time  was  one  and  one-half  minutes.  The  cylin- 
ders represent  ordinary  job  conditions  as  no  effort  was 
made  to  control  water  content  or  any  other  factor  af- 
fecting the  strength  of  the  concrete  except  the  length 
of  the  mixing  time.  A  low  water  content  was  used 
and  the  consistency  of  the  concrete  was  as  well  con- 
trolled as  can  be  expected  with  equipment  of  the  pres- 
ent design.  There  is  no  significant  improvement  in 
strength  beyond  the  one  half  minute  mixing  period. 

HARDENED  CONCRETE  IN  MIXER  DRUM  RESULTS  IN  SLOW  MIXING 

Table  9  gives  results  on  a  project  where  the  general 
control  was  poor,  the  slump  often  too  high  and  the 
inside  of  the  drum  badly  coated  with  hardened  concrete. 
This  resulted  in  a  slow  rate  of  mixing  and  the  table 
shows  that  the  concrete  did  not  reach  full  average 
strength  until  it  had  been  mixed  a  minute  or  more. 
This  confirms  what  has  been  known  for  a  long  time — 
that  to  be  fully  effective  the  interior  of  a  mixer  drum 
must  be  kept  clean.  Data  from  this  job  is  not  included 
in  the  general  average. 

LONG-TIME  MIXING  NOT  REQUIRED  WHERE  DUST-COATED  LIME- 
STONE USED 

Gravel  was  used  as  coarse  aggregate  on  all  jobs  which 
have  been  discussed.  Tables  10  and  11  give  results 
secured  on  jobs  where  crushed  limestone  was  used  as 
coarse  aggregate.  Some  limestones  give  off  consider- 
able dust  when  crushed  and  some  of  this  dust  settles 
on  the  stone.  On  the  job  from  which  the  cylinders 
shown  in  Table  10  were  secured,  the  dust  was  unusually 
adhesive  and  it  was  thought  that  long-time  mixing 
would  yield  greater  strength  than  short-time  mixing 
merely  because  the  scrubbing  action  in  the  mixer  would 
remove  the  dust  film  to  a  greater  extent.  That  this 
did  not  result  is  apparent  from  the  average  strengths 
for  various  mixing  periods.  There  is,  as  a  matter  of 
fact,  less  uniformity  in  the  test  data  for  the  materials 
mixed  three  minutes  than  in  that  mixed  45  seconds. 
However,  the  entire  series  is  too  short  to  be  indicative 


of  much  else  than  that  long  mixing  did  not  give  any 
outstanding  improvement  in  strength  or  in  uniformity 
of  test  results,  even  though  the  material  was  one  that 
should  have  brought  out  any  advantage  a  long  mixing 
time  could  ha\  e. 


TflML 


Making  the  Slump  Test 

Table  11  gives  results  secured  on  a  job  where  the 
dust  coating  on  the  aggregate  was  readily  observable, 
but  not  as  bad  as  on  the  job  previously  described.  On 
this  job  two  cylinders  were  taken  from  each  batch  sam- 
pled— one  at  45  seconds  and  one  at  a  longer  period. 
Of  the  26  pairs,  9  showed  a  higher  strength  after  a  45- 
second  mix  than  after  a  longer  mix  and  3  showed 
strength  so  nearly  the  samesthat  ihe  difference  may  be 
considered  negligible.  For  the  balance,  14  pairs,  the 
longer  mix  gave  higher  strength,  indicating  a  slight 
tendency  to  remove  some  of  the  dust  layer  during  the 
process  of  mixing.  The  one-minute  mix  in  this  case  is 
about  10  per  cent  stronger  than  the  45-second  mix, 
but  the  one-and-one-fourth-minute  mix  is  only  about  5 
per  cent  stronger,  so  these  differences  may  in  both  cases 
be  due  more  to  fortuitous  breaks  on  the  longer-time 
cylinders  than  to  a  consistent  benefit  from  the  longer 
mixing  period. 

There  is  also  another  factor  which  may  have  affected 
this  series.  Most  mixers  segregate  the  materials  a 
little  at  the  ends  of  the  batch.  For  some  reason  the 
first  of  a  batch  is  apt  to  be  oversanded  while  the  last 
cubic  foot  or  so  of  a  batch  in  extreme  cases  contains 
little  but  coated  stone.     In  general  this  condition  is 


Table   10. — Data  on  cylinders  taken  on  Federal-aid  project  130  in  Logan  Counli/.  Ohio. 
[Mix  1:2:3J^:  crushed  limestone  coarse  aggregate;  Smith  mixer  in  good  condition] 


30-second  mix 

45-second  mix 

60-second  mix 

75-second  mix 

90-second  mix 

120-second  mix 

180-second  mix 

Slump 

W 
C 

Com- 
pres- 
sive 
strength 

Slump 

w 

c 

Com- 
pres- 
sive 
strength 

Slump 

w 

C 

Com- 
pres- 
sive 
strength 

Slump 

W 

C 

Com- 
pres- 
sive 
strength 

Slump 

Com- 
W        pres- 

C         sive 

Strength 

Slump 

w 
c 

Com- 
pres- 
sive 
strength 

Slump 

w 

C 

Com- 
pres- 
sive 
strength 

Inches 

¥ 
*A 

0.60 

.67 
.71 
.69 
.78 
.71 

Lbs.  per 
sq.  in. 
4.310 
f.850 
4.270 
4.460 
4.750 
5.  215 

Inches 

y2 

%A 
Vs 
%A 

y* 

0.60 

.67 
.71 
.69 
.78 
.71 

Lbs.  per 
sq.  in. 
4,525 

4.  650 
4,810 
4.320 
4.855 

5.  650 

Inches 

1 

1 

Wt 

1 

0.60 

.67 
.71 
.69 
.80 
.71 

Lbs.  per 
sq.  in. 
4,980 
5, 320 
4,745 
5,120 
4,340 
4,235 

Inches 
% 
1 

VA 
l 

1H 
1 

0.60 

.71 
.71 
.69 
.78 
.71 

Lbs.  per 
sg.  in. 

5,320 
i  3, 060 

4,800 

4,010 
1  2, 340 

4,855 

Inches 
3A 
1 
M 

l 
Vs 

0.60 
.67 
.71 
.69 
.78 
.71 

Lbs.  per 
sq.  in. 
4, 605 
4,845 
4,315 
3,918 
4,500 
4,675 

Inches 
1 
% 

m 
i 

y% 
i 

0.60 

.67 
.70 
.69 
.78 
.71 

Lbs.  per 
sq.  in. 
4,715 
5,  855 
4,600 
i  3.  590 
4,885 
5,215 

Inches 
1 

y* 
ih 

V/s 

H 

i 

0.60 
.67 
.70 
.69 
.78 
.71 

Lbs.  per 

sq.  in. 

4,425 

4, 455 

5,225 
'3,665 

4,065 
'2,000 

Av.  0.57 

.693 

4  642       0.  65 

.693  |     4,802 

0.98 

.697 

4,790 

1.02 

.700 

4,746  i    0.98 

.693 

4,476 

1.00 

.692 

5,054 

0.96 

.692 

4,542 

1  Omitted  from  average  because  of  coated  aggregate. 
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Table  11  —Data  on  cylinders  taken  on  Federal-aid  project  229C  Table  12.— Data  on  cylinders  taken  on  Federal-aid  -project  U8B 
in  Boone  County,  Mo.  in  Clay  County,  lex. 

[Miil:2:3H;  crushed  limestone  coarse  aggregate;  Koehring  mixer  in  good  condition]  [Mix  1:2:3^;  gravel  coarse  aggregate;  Koehring  mixer  in  good  condition] 

( I n  pounds  per  square  inch)  (In  Pounds  per  square  inch) 


30-second 
mix,  com- 
pressive 
strength 

45-sec-   1   60-sec- 
ond  mix,  ond  mix, 

com-        com- 
pressive  pressive 
strength  strength 

75-sec- 
ond  mix, 

com- 
pressive 
strength 

90-sec- 
ond  mix, 

com- 
pressive 
strength 

120-sec- 
ond  mix, 

com- 
pressive 
strength 

180-sec- 
ond  mix, 

com- 
pressive 
strengl  h 

3,008 
3,505 
2,500 
3,540 
3,310 

4,110        2,880 
4, 100    !    3, 846 
4, 909         2,  958 
3,  850         4,  020 
3.  390         4,  818 
3,  500         2.  700 
3,700         4.419 

4,305 
4,780 
3,821 
3,950 
3,800 
3,510 
3,718 
2,870 
3,350 
3,598 
3,600 
3,575 
4,335 
4,779 

4,430 
4,200 
4,220 

3,379 
4.190 
4.070 
3,530 
3,182 

3,118 
1,940 
4,670 

3,800 
3,820 
3,420 
3,040 
3,300 
3,418 
3,228 
4,098 
4,257 
3,418 
4,431 
3,332 
3,828 
4.531 
3.250 
3,700 
3,254 
4,640 

4,103 
3,184 
4,300 
4,730 
3,300 
3,758 
3,610 
1,380 
4,292 
4,184 
3,740 
4,248 

• 

Av.  3, 172 

3,773 

3,817 

3,857 

4,283 

3,670 

3,243 

more  conspicuous  where  wet  concrete  is  being  mixed 
than  with  concrete  of  proper  consistency.  On  this 
job  the  inspector  was  so  strongly  opposed  to  the  use  of 
the  short-time  mix  that  the  least  possible  amount  of 
material  in  excess  of  actual  needs  for  samples  was  dis- 
charged from  the  mixer  for  the  30-second  and  45-second 
specimens.  As  a  result,  the  45-second  cylinders  are 
possibly  not  quite  as  representative  as  where  samples 
were  taken  from  the  center  of  a  batch  as  discharged 
from  the  bucket  or  from  a  larger  sample  run  out  onto 
the  subgrade. 

TESTS    ON    OTHER    JOBS    CONFIRM    RELATION    BETWEEN    MIXING 
TIME  AND  STRENGTH 

Table  12  gives  results  obtained  on  a  series  of  cylinders 
taken  by  the  bureau's  representatives  on  another  pro- 
ject. In  this  case  the  45-second  concrete  appears  to  be 
a  little  better  than  that  mixed  a  longer  time  but  it  is 
not  believed  that  the  apparent  difference  of  about  200 
pounds  in  the  average  strength  is  due  to  anything  more 
than  a  fortuitous  series  of  breaks.  The  high  strength 
of  the  30-second  concrete  should  be  noted. 

Table  13  gives  the  results  of  tests  on  cylinders,  beams, 
and  cores  made  by  the  regular  inspector  on  another 
section  of  this  same  project  where  the  regular  one- 
minute  mix  was  used.  The  beams  were  broken  in  the 
field  and  no  doubt  vary  somewhat  more  than  would 
be  expected  had  they  been  handled  in  a  well  equipped 
laboratory.  The  method  used  was  that  devised  by  the 
Illinois  State  highway  laboratory.3  The  longer  series 
of  cylinders  is  in  substantial  agreement  with  the  results 
obtained  by  the  bureau's  engineers  as  was  the  case  in 
the  Kaufman  Co.  work  reported  hi  Tables  2  and  4. 

Table  14  gives  the  results  of  another  series  of  tests. 
In  this  case  the  60-second  cylinders  gave  little  higher 
strength  than  the  45-second  cylinders  and  this  is  to  be 
viewed  in  the  same  way  that  the  reverse  condition  was 
viewed   on   the   preceding  project.     In   Table    14  the 

•  Clemmer,  HF     Comparison  of  the  Transverse  and  Compressive  Tests 
OF  Concrete.    Public  Roads,  vol.  7,  No.  3,  May,  1926. 


30-second 
mix,  com- 
pressive 
strength 

45-sec- 
ond mix, 

com- 
pressive 
strength 

60-sec- 
ond mix, 

com- 
pressive 
strength 

90-see- 
ond  mix, 

com- 
pressive 
strength 

120-SPC- 
ond  mix, 

com- 
pressive 
strength 

5,520 
4,660 
5,000 
5,120 
5,160 

'3,550 
4,350 
5,440 
5,070 
3,910 
5,480 
5,810 
5,060 
5,240 
4,740 
5,080 
5,120 
4,080 

5,720 
4,200 
5,620 
5,130 
4,900 
4,630 
3,990 
4,760 
3,520 
4,790 
4,620 
4,360 
4,230 

4,900 
3,410 
5,220 
4,360 
4,900 

4,160 
4,700 
4,320 
3,850 
4,480 

1 

Av.     5, 092 

4,948 

4,651 

4,558 

4,302 

i  Omitted  from  average  because  of  flat  rock  in  center  of  cylinder. 

Table  13. — Data  on  cylinders,  beams  and  cores  taken  on  Federal- 
aid  project  448B  in  Clay  County,  Tex.,  by  State  inspector.  All 
concrete  mixed  1  minute 

[Cores  tested  at  ages  of  50  to  70  days  and  averaging  approximately  60  days] 


Cylinders  and  beams 

Cores 

Station 

Com- 
pressive 
strength 

of 
cylinders 

Modu- 
lus of 
rupture 

of 
beams 

Station 

Com- 
pressive 
strength 

162+50 
174+00 
180+50 
191+00 

Lbs.  per 
sq.  in. 
4,380 
4,253 
4,440 
5,410 

Lbs.  per 
sq.  in. 

165+00 

Lbs.  per 
sq.  in. 
6,200 

571 
709 
722 

184+80 
186+00 
193+00 
204+29 
207+73 
208+80 
208+95 

6,060 
5,400 
4,910 
5,970 
5,970 
5,730 
4,720 

201+00 

6,050 

590 

212+00 

4,093 

745 

224+00 
234+00 
.'inf.  (HI 
249+50 
259+00 
268  H50 
276+00 
285+00 
295+50 
304+50 
312+00 
320+00 
322+00 
332+25 
342+00 
352+00 
356+25 
362+00 
376+00 

Average. 

5,227 
4,720 
5,070 
4,657 
4,437 
4,723 
5,630 
4,327 
'  2, 997 

4,  593 
i  3, 493 

4,500 
4,637 
4,517 
4,653 
4,200 
4,573 

5,  003 
3,207 

674 
697 
764 
691 
865 
753 
642 
456 
640 
606 
565 
540 
534 
748 
730 
680 
573 
447 

235+15 

6,060 

261+00 

5,440 

287+00 

5,  900 

313+00 

5,  340 

340+00 

6,200 

366+00 

5,850 

4,665 

650 

5,^96 

1  Poor  breaks,  not  included  in  the  average. 

figures  on  the  same  horizontal  line  represent  cylinders 
from  the  same  batch.  No  reason  can  be  given  with 
certainty  as  to  why  there  should  be  so  much  variation 
in  strength. 

Tables  15  and  16  give  the  results  of  still  another 
series  of  tests  on  mixing  tune  made  in  Grant  County, 
Okla.  Results  of  tests  on  cylinders  secured  on  this 
job  might  create  the  impression  that  long-time  mixing 
has  improved  the  strength  of  the  concrete,  though  the 
45-second  concrete  is  of  good  quality,  were  it  not  for 
the  beam  tests  which  entirely  negative  the  apparent 
deficiency  of  some  of  the  45-second  concrete  as  indi- 
cated by  the  cylinders. 
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Table  14. — Compressive  strength  of  cylinders  taken  on  a  job  in 
Hillsdale  County,  Mich. 


[Mix  1:2:3.4;  gravel  coarse  aggregate; 

Koehring  mixer  in  fair  condition] 

Crushing  strength 

Slump 

of  1- 

minute 
mix 

W 
C 

,     30-second 
mix 

45- 

second 

mix 

60- 
second 
mix 

75- 

second 

mix 

90- 

second 

mix 

120- 

second 

mix 

180- 

second 

mix 

'Lbs.  per  sq.  in. 

Lbs.  per 
sq   in. 

3,  756 
3,380 

1,380 
1.  190 

4,  755 
5,800 

Lbs.  per 
sq.  in. 
5,185 
5,  220 
5,  210 
4,955 
5,026 
4,435 

Lbs.  per 
«/,  in. 

Lbs.  per 

sq.  in. 

Lbs.  per 

SQ,   ill. 

Lbs.  per 
sq.  in. 

Inches 
Yi 

m 
n, 

\Vi 
lA 

% 
y* 

y. 

2 

1 

H 

y* 

0.58 
.68 
.114 
.67 
.61 
.53 
.70 
.56 
.43 
.43 
.44 
.52 
.44 
.55 
.58 
.58 
.57 
.55 
.54 

3,  750 

3,975 

4,  320 
I.  (1ST 
4,910 

.',.  2711 
5,  190 

5,240 
1,030 
3,  958 

3,  650 

3.590 

2,  .i30 

4.  220 
3,080 

3,  225 

5,160 
5,150 

3,134 

4,175 
4,515 
4,  040 
3,115 

3,  fill) 
3,990 
5,780 

4,  950 
3,550 
2,780 
4,530 
3.  445 
3,660 
4,310 

1,  150 
3,  165 

4,890 
4,402 
2,900 

3,170 
5,350 
5,  300 
4,070 

2,  227 
3,195 
4,  100 
3,090 
3,530 
3,475 
2,510 
4,190 

3,980 
3,634 
3,315 
2,  970 
4,400 
3,790 

2,  875 
3,345 

3,  750 
3.  370 

3,  990 
4,295 

4,  455 
3,930 
5,260 
3,050 

3,  550 
3,550 

4.  160 
3,  140 
2,980 
3,390 

4,280 
2,800 
4,485 
3,130 
4,450 
4.7111 
4,220 
3,690 
4,640 
3,060 

2,  SMI 

3,290 

3,040 

Av   3,707 

4,073 

4,204 

3,678 

3,853 

4,111 

1.  222 

.85 

55S 

op    Beams    and    Cylinders, 
County,  Tenn. 


Anderson 


Specimens  Removed  from  Molds  and  Placed  for  Curing 
Under  the  Same  Conditions  as  the  Pavement,  Okla- 
homa Federal-aid  Project  148E 

Table  17  gives  results  of  tests  of  a  long  series  of 
cylinders  taken  in  Clay  County,  Tex.  Some  very  high 
strength  concrete  was  secured  from  30-second  mixes 
and,  in  general,  additional  mixing  showed  no  advantage. 
The  30-second  concrete  is  ^somewhat  lacking  in  uni- 
formity of  test  results  but  other  mixes  are  satisfactory 
in  this  respect,  as  well  as  in  strength.  No  special 
significance  is  attached  to  the  fact  that  45-second 
concrete  is  stronger  than  that  produced  by  longer 
mixing.  The  difference  between  45-second  concrete 
and  90-second  concrete  is  only  about  6  per  cent — not  a 
significant  amount  unless  generally  observed  through- 
out a  long  series  of  tests. 


Table   15. — Strength  of  cylinders  and  beams  cured  by  various  methods  on  Federal-aid  project  H8E,  Grant  County,  Okla. 

[Mix  1:2:314;  limestone  coarse  aggregate;  Rex  mixer  in  good  condition] 


Tests  of  cylinders 

Tests  of  beams 

Curing 

30-second  mix 

45-second  mix 

60-second  mix 

90-second  mix 

180-second  mix 

30-second 
mix 

45-second 
mix 

60-second 
mix 

90-second 
mix 

180-second 
mix 

Cyl- 
in- 
ders 

Com- 
pressive 
strength 

Cyl- 
in- 
ders 

Com- 
pressive 
strength 

Cyl- 
in- 
ders 

Com- 
pressive 
strength 

Cyl- 
in- 
ders 

Com- 
pressive 
strength 

Cyl- 
in- 
ders 

Com- 
pressive 
strength 

Beams 

Mod- 
ulus 
of 
rup- 
ture 

Beams 

Mod- 
ulus 
of 
rup- 
ture 

Beams 

Mod- 
ulus 
of 
rup- 
ture 

Beams 

Mod- 
ulus 
of 
rup- 
ture 

i 

iMod 
ulus 
Beams     of 
rup- 
ture 

Calcium  chloride  ad- 
mixed   

Num- 
ber 
5 

Lbs. 
per 
sq.  in. 
3,678 

Num- 
ber 
10 
10 

10 
6 

Lbs. 
per 
zq.  in. 
4,264 
4,659 

3,829 

1  4,  450 

Num- 
ber 
10 
10 

10 
6 

Lbs. 

per 
sq.  in. 
4,720 
5,251 

3,580 
i  4, 403 

Num- 
ber 
10 
10 

10 
6 

Lbs. 
per 
sq.  in. 
4,768 
4,988 

3,835 
'  5, 093 

Num- 
ber 
5 

Lbs. 
per 
sq.  in. 
5,123 

Num- 
ber 
2 

Lbs. 

per 
sq.  in. 

404 

Num- 
ber 
5 
5 

5 

Lbs. 

per 

sq.  in. 

553 

605 

552 
640 

Num- 
ber 
5 
2 

2 
2 

Lbs. 

per 

sq.  in. 

556 

558 

528 
601 

Num- 
ber 
4 
5 

5 
5 

Lbs. 
per 

sq.  in. 
575 
603 

514 
665 

Lbs. 

Nu  m-     per 
ber      sq.in. 
2  |      541 

Surface  treated  with 

Moist  earth 



5 

Average  

3,678 

4,301 

4,489 

4,671 

5,123 

404    

588 

561 

589 

[      541 

1 

Results  from  a  group  of  cylinders  made  on  another  part  of  the  job  showed  low  strengths  from  some  unknown  cause  and  are  not  reported. 
213—28 2 
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Table  16.— Strength  of  cylinders  and  beams  cured  by  various  methods  on  Federal-aid  project  H8E  in  Grant  County,  Okla. 

[Mix  1:  2:  VA;  limestone  coarse  aggregate;  Rex  mixer  in  good  condition] 
CURED  BY  COVERING  WITH  WET  EARTH 


30-second  mix 

45-second  mix 

60-second  mix 

90-second  mix 

180-second  mix 

Slump 

W 
C 

Com- 
pressive 
strength 
of  cyl- 
inders 

Modu- 
lus of 
rup- 
ture of 
beams 

Slump 

W 
C 

Com- 
pressive 
strength 
of  cyl- 
inders 

Modu- 
lus of 
rup- 
ture of 
beams 

Slump 

W 
C 

Com- 
pressive 
strength 
of  cyl- 
inders 

Modu- 
lus of 
rup- 
ture of 
beams 

Slump 

W 
C 

Com- 
pressive 
strength 
of  cyl- 
inders 

Modu- 
lus of 
rup- 
ture of 
beams 

Slump 

W 
C 

Com- 
pressive 
strength 
of  cyl- 
inders 

Modu- 
lus of 
rup- 
ture of 
beams 

Inches 

Lbs.  per 
sq.  in. 

Lbs.  per 
sq.  in. 

Inches 
0.44 

.75 

.75 

1.00 
2.25 

0.60 
.60 

.60 

.61 
.61 

Lbs.  per 
sq.  in. 

Lbs.  per 
sq.  in. 

Inches 
0.75 

1.25 
1.20 

Lbs.  per 

sq.  in. 

|    4,890 

Lbs.  per 

sq.  in. 

I 

}       670 

Inches 

1.  25 

.75 
1.06 

0.60 

.60 
.60 

Lbs.  per 
sq.  in. 

/    4.350 
I    4,725 

/    5,870 
\    5,250 

/    5,410 
\    4,950 

Lbs.  per 
sq.  to. 

1       597 
1       763 
}      672 

Inches 

Lbs.  per 
sq.  in. 

Lbs.  per 
sq.  in. 

{    4;  910   )      662 

0.60   { 

.60 

1     5, 030 
3,  670 
I     4, 300 
[    3,670 
|     3,600 

\     4, 460 

|      681 

f    4,020    1 

\    4,170  1/      615 

{    3^220    J       640 
/    2,810   \      finn 

(    2!  480   j      600 

•bl    1     2,490 
1    a  finn 

531 

.20 
2.50 

.61 
.61 

/    2, 590 
I    2,950 
/    3,180 
\    3,830 

}      599 
}      696 

■ 

1.04 

.604 

3,820 

640 

1.08 

.604 

3,892 

601 

1.  15 

.604 

4,311 

665 

Average. 


CURED  IN  OPEN  AIR  WITHOUT  COVER  • 


1.20 
1.00 


1.50 
1.58 


1.23 


0.55 

.55  || 

.55  j{ 
.53  j{ 
.53 


4,872 
4,710 

5, 585 
5,325 

5,685 
5,310 
3,635 
3,450 
4,145 
3,870 


1/  4,145  ;\ 

1 1     3,870  ,/ 


599 

712 

694 
510 

509 


.54 


4,659 


005 


1.31 

1.00 

1.00 

.58 


.95 


0.55 

.55 

.53 
.53 


.54 


5,230 
5,080 
5,140 
5,  500 
6,040 
5,  960 
4,945  i 
5.090  J 
4,635 
4,830 


J     4^635    \ 
\     4,830    J 


548 
567 


5,  251 


558 


0.75 

1.31 

2.25 
.44 
1.75 


1.30 


0.55 

.55 

.55 
.53 
.53 


5,220 
5,360 

5,325 
4,  250 

4,945 
4,720 
5,250 
5,460 
4,820 
4,530 


4,! 


001 


743 


} 

}  585 

}  563 

}  518 


603 


CALCIUM  CHLORIDE  ADMIXED— 2  POUNDS  PER  BAG  OF  CEMENT 


4.50 

5.75 

1.37 

3.06 

.25 


Average. 


0.59 

.59 

.59 
.55 
.55 


2,609 

2,382 

4,460 
4, 650 
4,290 


3,678 


449 
359 


404 


1.62 

2.00 

1.88 
1.25 
.75 


0.59 
.59 

.59 

.55 
.55 


1.  50  I     .  57 


2,706 
4,496 

3,778 
2,790 

4,245 
4,385 
4,640 
5,395 
4,740 
5,465 


4,264 


571 


} 


591 
524 
501 

574 


553 


0.25 

1.50 

1.25 
2.50 
1.20 

1.34 


0.59 
.59 

.59 

.55 
.55 

.57 


4,496 
4,630 

5,100 
5,070 

5,215 
4,900 
4,  365 
4,070 
4,420 
4,935 


4,720 


542 
612 


567 


539 


550 


2.00 
1.57 


0.59 
.59 


.88  j  .59 
1.50  .55 
1.50  i  .55 


1.49 


-.7 


4,780 
4,855 

4,215 
4,220 

4,720 
4,790 
4,965 
5,785 
4,855 
4,490 


4,768 


535 


615 
623 


528 


575 


2.75 
1.37 
.13 
.75 
.63 


1.12 


0.59 
.59 
.59 
.55 
.55 


,57 


4,  855 
4,945 
5, 100 
5,745 
4,910 


5,123 


480 
602 


541 


CALCIUM  CHLORIDE  COVERING-2  POUNDS  PER  SQUARE  YARD 


Average. 


0.70 

.81 

.37 
1.25 
1.12 


.85 


0.  52 


.52 

.61 
.61 


.56 


/  3,725    1 

\  3,270   J 

/  4,350    \ 

\  4,400    J 

f  4,460  |\ 

I  4,  220  1/ 

f  3,170    1 

\  3,  160    J 

/  3,530    \ 

1  4,000  ,/ 


3,829 


449 

602 

566 
542 
599 


0.44 

1.00 

.93 
1.75 


0.52 

.52 

.61 
.61 


.56 


3,640 

1,2:,;-, 
4,280 
4.160 
3,730 
3,415 
2,660 
2,840 
3,460 
3,360 


3,580 


480 


528 


0.70 

1.25 

2.06 
1.25 
1.87 


1.43 


0.52 

.52 

.52 
.61 
.61 


4,245 
4,160 

3,900 
3,650 

4,080 
4,185 
3,330 
3,000 
4,195 
3,600 


3,835 


477 


499 
569 
459 


514 


1  Several  heavy  rains  during  curing  period. 
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Breaking  Beams  on  the  Job  in  Anderson  County,  Tenn. 


Throughout  this  series  the  45-second  concrete  is 
sometimes  the  strongest,  sometimes  the  60-second 
c°nc™*®>  sometimes  the  90-second  concrete,   but 

the  differences  are  always  small  and  this  can  only 
be  interpreted  as  indicating  that  mixing  time  within 
the  limits  given  is  a  neglible  factor  in  strength.  In 
other  words,  differences  in  averages  are  less  than  the 
reported  differences  between  cylinders  in  the  same 
group.  When  these  facts  are  examined  in  the  light  of 
the^  well-recognized  margin  of  error  in  testing  methods 
and  in  testing  machines,  the  conclusion  that  small 
differences  such  as  those  developed  on  this  project,  are 
without  significance  unless  often  repeated  and  clearly 
apparent  in  the  general  average,  is  inevitable. 

Tables  18  and  19  cover  two  series  of  cylinders,  neither 
of  which  requires  special  comment. 


Table  17. — Data  on  cylinders  secured  on  Federal-aid  project  449  A  in  Clay  County,  Tex. 
[Mix  1:2:3H;  stone  and  gravel  coarse  aggregate;  Koehring  mixer  in  good  condition] 


30-second  mix 

45-second  mix 

60-second  mix 

90-second  mix 

120-second  mix 

Slump 

w 

c 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Slump 

W 

C 

Com- 
pressive 
strength 

Slump 

W 
C 

Com- 
pressive 
strength 

Inches 

4.50 

4.50 

4.  .50 

2.50 

4.00 

3.50 

.75 

.50 

.75 

4.50 

1.75 

3.00 

5.50 

.75 

.75 

.50 

1.25 

1.50 

1.00 

2.75 

0.639 
.661 
.647 
.554 
.612 
.637 
.537 
.582 
.572 
.570 

'.318 
.415 
.434 

'  .  356 

'  .316 
.486 
.470 
.470 
.470 
.542 

Lbs.  per 

sq    in. 
4,160 
4,340 
4,  760 
4,  460 
3,900 
4,200 
4,390 
5,290 
4,240 
4,720 
6,150 

Indies 
0.50 
4.00 
1.75 
3.50 
3.00 
6.50 
.75 
2.50 
2.50 
1.00 
4.00 

0.575 
.610 
.624 
.618 
.618 
.738 
.647 
.685 
.692 
.698 
.639 
.647 
.608 
.551 
.599 
.668 
.556 
.583 
.580 
.570 

Lbs.  per 
sq.  in. 
5,020 
5,180 
5,290 
5,000 
4,960 
5,650 
6,400 
5,620 
5,770 
4,870 
5,440 
4,640 
6,380 
5,370 
6,330 
4,400 
•4,750 
5,430 
4,780 
4,910 

Incites 

4.75 
4.75 
4.75 
2.50 
2.50 
2.50 
6.00 
1.50 
1.50 
1.50 
2.00 
2.25 
2.25 
2.25 
2.50 
2.50 
2.50 
2.50 
4.00 
2.00 
2.00 
2.00 
4.00 
1.50 
1.50 
1.50 
3.00 
4.00 
4.00 
4.00 
1.25 
3.00 
2.50 
2.25 
1.00 
1.00 
1.00 
.50 
.50 
.50 
2.00 
2.00 
2.00 
2.00 
2.00 
2.00 
2.50 
2.50 
2.50 
2.50 
2.50 

0.645 
.645 
.645 
.712 
.712 
.712 
.666 
.639 
.639 
.639 
.610 
.647 
.647 
.647 
.620 
.620 
.620 
.620 
.572 
.540 
.540 
..540 
.586 
.540 
.540 
.540 
.610 
.556 
.556 
.556 
.551 
.610 
.594 
.570 
.482 
.482 
.482 
1.276 
1.276 
1.276 
.570 
.570 
.570 
.594 
.594 
.594 
.596 
.596 
.596 
.549 
.549 

Lbs.  per 
sq.  in. 
5,310 
3,580 
5,340 
6,020 
5,900 
5,670 
4,580 
5,030 
4,780 
5,170 
5,340 
4,770 
4,450 
4,560 
6,050 
3,  680 
4,560 
4,070 
4,550 
4,640 
4, 430 
4,760 
5,600 
6,850 
6,530 
5,710 
5,610 
4,960 
5,260 
5,030 
4,896 
5,440 
4,250 
4,500 
6,040 
6, 940 
6,620 
6,540 
7,220 
6,490 
4,690 
4,340 
4,680 
4,690 
4,340 
4,690 
5,090 
4,160 
4,970 
5,220 
5,180 
4,920 

Inches 
4.00 
3.00 
2.00 
3.00 
.25 
6.00 
3.25 
3.25 
2.00 
2.25 

0.639 
.  647 
.617 
.572 
.532 
.650 
.554 
.607 
.594 
.583 

Lbs.  per 
sq.  in. 
4,  .540 
4,  570 
4,600 
4, 970 
6,  950 
4,070 
4.780 
5,230 
4,450 
5,850 

Inches 
1.25 
3.50 
2.00 
2.50 
2.50 
1.00 
3.00 
2.50 
2.25 
3.00 

0.  620 
.668 
.620 
.540 
.527 
.530 
.537 
.583 
.594 
.583 

Lbs.  pel 
sq.  in. 
5,080 
4,240 
4,790 
5,820 
5,600 
5,920 
4,830 
4,820 
4,470 
4,210 

6, 320     !     3. 00 
5,390     ,     1.50 
5,480    !    2.00 
5, 870         2. 00 

7,770 
7,250 
6,  700 
7,470 
6,420 

5.75 
5.00 
2.50 
2.50 
4.50 

i 

2.50 

.549 

Av.    2.44 

.546 

5,464 

2.94 

.625 

5,310 

2.  13 

.592 

5,168 

2.90 

.599 

5,001 

2.35 

5SII 

4,978 

Probably  an  incorrect  result. 
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DATA  FROM  A  NUMBER  OF  JOBS  SUPPORT  CONCLUSION  AS  TO  MIX- 
ING TIME 

Table  20  gives  the  records  on  a  series  of  batches  of 
concrete  all  of  which  were  carefully  located  in  the 
pavemenl  and  from  which  cores  were  subsequently 
taken.     The  average  strength  of  the  45-second  cores  is 

Table  18.     Data  on  cylinders  secured  on  State-aid  project  507  in 
ley  Count//,  S.  C. 

[Mix  1:  2:  Z]/2,  stone  coarse  aggregate;  Koehring  mixer  in  good  condition] 


1  per  cent  below  the  mean  for  the  series  of  cores.  The 
60-second  cylinders  are  1  per  cent  above  the  mean  for 
the  cylinders  and  the  90-second  cylinders  at  the  mean. 
Variations  between  maximum  and  minimum  strength, 


60-second  mix 

75-second  mix 

90-second  mix 

120-second  mix 

\V 

Com- 

W 

Com- 

W 

Com- 

w 

Com- 

( 

pressive 

C 

pressive 

C 

pressive 

c 

pressive 

strength 

strength 

strength 

strength 

Lbs.  per 

Lbs.  per 

Lbs.  per 

Lbs.  per 

sq.  in. 

sq.  in 

sq.  in. 

sq  in. 

0.  624 

3,180 

0.608 

3,220 

0.608 

3. 150 

0.  631 

2,800 

.  660 

2,  750 

.608 

3.160 

,  608 

3, 020 

.631 

2,540 

.660 

2.  860 

.  608 

3,  l  HI 

.608 

2,  590 

.631 

2,470 

.  660 

,i')l 

2,860 

.631 

2,300 

.649 

2,610 

2,  900 

.501 

2.830 

.631 

2,940 

.649 

2,  620 

.  586 

2,960 

.591 

2,860 

.631 

2.670 

.649 

2,480 

.  586 

2,360 

.  607 

2,  S70 

.602 

2,900 

.642 

2,980 

.608 

2,830 

.607 

3, 020 

.602 

3,230 

.642 

3,010 

.608 

2,790 

.607 

3, 060 

.602 

3,  360 

.642 

3,120 

.608 

2,740 

.602 

2,  690 

.613 

3,540 

.624 

2,100 

.597 

3,050 

.  602 

2.710 

.613 

2. 060 

.624 

2,  520 

.597 

3,200 

.602 

3, 150 

.613 

2,  570 

.624 

3,290 

.597 

2,  680 

.613 

3,  ISO 

.620 

2,870 

.631 

2,720 

.  551 

2,850 

.613 

3. 080 

.620 

3,290 

.  6,31 

2,  830 

.551 

2,800 

.613 

2,780 

.620 

2,850 

.631 

3,460 

.  551 

3,210 

.  620 

3,030 

.631 

3,  2S0 

.6.33 

2.980 

.624 

2,  460 

.  620 

3,240 

.631 

3,120 

.633 

3,180 

.624 

2,  840 

.  620 

2,770 

.631 

3,390 

.633 

2,  350 

.624 

2,530 

.613 

3,180 

.642 

3,420 

.645 

2,220 

.626 

3,  460 

.613 

3,400 

.642 

2.950 

.645 

2,290 

.626 

2,700 

.613 

3,200 

.642 

2,970 

.645 

2.400 

.626 

3,580 

.642 

3.  '.INI 

.633 

3,  250 

.645 

2,190 

.608 

3,970 

.642 

3.610 

.633 

3,950 

.645 

i  1,490 

.608 

3,  660 

.612 

3,  700 

.633 

2,  990 

.645 

2,870 

608 

.608 
.608 
.608 
.631 
.631 
.  631 
.631 
.631 
.631 
.  651 
.651 
.651 
.  651 
.651 
.651 
.651 
.  651 
.  638 
.  638 
.  638 
.615 
.615 
.615 
.642 
.642 
.642 
.  642 
.619 
.619 
.619 
.  619 
.619 
.619 
.619 
.619 
.639 
639 
.  639 
.  639 

.  653 

.  653 
.  653 
.  657 
.  657 
.657 
.  657 
.  633 
.  633 
.  633 

3,  390 
3,560 
3,270 
3,000 
2,970 
2,940 
3.  920 
2,880 
1,930 
2,870 
2,740 
4, 160 
4,290 
3,  600 
2,  720 
2,060 
2,460 
2,4.50 
1,500 
2,340 
2,800 
2.  780 
2,  630 

2,  950 
2,850 

3,  160 
2,640 
2,  580 
2,  230 
2,  150 
2,  330 

1,  955 

2.  560 

2,  760 
3,280 
2,900 

3.  860 
4,600 
3,  900 
4,400 

3,  910 

4,  121) 

1,  320 
3,  2S0 
2,870 
2,700 

3.  050 

2,  950 
-1,111(1 
1,  960 

4,  500 

3,  940 

.631 
.631 
.631 
.615 
.615 
.615 
.638 
.638 
.638 
.666 
.666 
.651 
.651 
.651 
.651 
.651 
.651 
.  651 

666 

.  666 
.  666 

.631 

.  626 
.  626 
.  626 
.  633 
.  633 
.  633 
.638 
.  63S 

.  638 
.  638 
.654 
.654 

.564 
.654 
.619 
.619 
.619 
.610 
.  672 
.  672 
.672 
.  672 
.660 
,660 
.6611 
.6611 
.631 
.631 
.  634 
.634 
.651 
.651 

i  1 . 420 

:  1,520 

i  1,570 

2,  670 

2,  510 

2.  820 
3.730 
2. 1170 

3,  280 

2.  680 
3,000 

3.  7(10 
3,400 
3.  370 
3.  450 
3,480 
3.  050 
1.760 
3,160 
3,100 
3,140 

1  000 

2.  350 
2,910 

3,  140 
2,890 
2,780 
2,  760 
2,860 
■2.  280 

2.  660 

3,  000 
2,650 
2. 690 
3, 020 
2,360 
3.  100 
2,860 
3.  210 
3,112.5 
2,  660 

2,  500 
2,810 
3.300 

3,  370 
2,740 
2,  190 

nil 

2.  Mill 

3,  1 10 
3,  330 
2,  630 
3,530 

.  

3,700 

.655 
.655 
.655 

3,100 
2.930.. 

2,760 

J 

1 

1 

1 

I 

1 

1 

Av.   .627 

.634 

3,017 

.626 

3,017 

.638 

2,697 

Breaking  a  Test  Cylinder  in  the  Laboratory  of  the 
University  of  Missouri 

Table    19. — Data    on    cylinders    secured  on    Federal-aid    project 

174  B-2  in  Hughes  County,  Okla. 

[Mix  1:2:  ZVi\  gravel  coarse  aggregate;  Koehring  mixer  in  good  condition] 


i  irently  incorrect  and  oinil  i    ;  from  average 


30-seconc 

mix 

45-second  mix 

60-second  mix 

w 

Com- 

W 

Com- 

W 

Com- 

pressive 

pressive 

pressive 

C 

strength 

c 

strength 

C 

strength 

Lbs. 

Lbs. 

Lbs. 

per  sq.  in. 

per  sq.  in. 

per  sq.  in. 

0.669 

4,110 

0.678 

4,290 

0.720 

3,490 

.660 

4,220 

.660 

4,500 

.660 

4,320 

.666 

4,460 

.642 

4,100 

.728 

3,470 

.633 

3,  230 

.622 

3,450 

.644 

5,  100 

.573 

4,640 

.630 

4,  730 

.598 

5,  350 

.676 

4,050 

.656 

3,890 

.646 

4,710 

.597 

4.150 

.620 

4,140 

.638 

4,180 

.724 

4,  990 

.662 

5,  220 

.662 

4,520 

.660 

4,890 

.626 

4,870 

.662 

4,460 

.644 

4,700 

.644 

4,800 

.644 

4,800 

Av.  0.650 

4,344 

.644 

4,399 

.660 

4,440 

'HI     r,;ml 

mix 

120-sec 

>nd  mix 

w 

Com- 

W 

Com- 

pressing 

pressing 

c 

strength 

C 

strength 

Lbs. 

Lbs. 

per  sq.  in. 

per  sq.  in. 

0.656 

3,850 

0.633 

4,100 

.  650 

4,540 

.642 

4,930 

.662 

3,800 

.662 

4,910 

.586 

5,200 

.640 

4,710 

.575 

4,800 

.642 

3,770 

.633 

4,720 

.646 

4,530 

.597 

3,890 

.597 

3,350 

.638 

4,270 

.662 

5,160 

.656 

4,540 

.615 

4,260 

.644 

4,680 

.644 

4,220 

A 

v.  0.630 

4,429 

.638 

4,394 

July,  1928 
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Table  20. —Compressive  strength  of  cores  and  cylinders  taken  on 
Federal-aid  projects  174B-2  and  188  A  in  Hughes  and  Seminole 
Counties,  Okla. 

(The  cores  and  cylinders  on  each  line  of  the  table  were  taken  from  the  same  batch 
Cores  were  tested  at  an  age  of  approximately  90  days.  Mix  1:2: 3} i;  gravel  coarse 
aggregate;  Koehring  mixer  in  good  condition] 

(In  pounds  per  square  inch) 


both  in  cores  and  in  cylinders,  are  least  at  45  seconds 
and  greatest  at  90  seconds. 

Table  21  shows  the  results  of  tests  made  to  determine 
it  the  rate  at  which  good  concrete  increases  in  strength 
is  artected  by  the  mixing  time.     Four  cylinders  were 


45-second  mix 

60-second  mix 

90-second  mix 

Cylinders 

Cores 

Cylinders 

Cores 

Cylinders 

Cores 

5,630 
5,580 
4,  420 
4,710 
3,710 
4,850 
4,380 
5,230 
5,590 
4,360 
5,165 
5,290 
5,240 

5,700 
5,100 
5,490 
7,690 
5,110 
5,895 
6,  465 
8,078 
6,331 
5,043 
4,740 
5,150 
5,872 

5,030 
5,670 
5,440 
5,060 
5,395 
4,620 
4,790 
4,910 
5,110 
5,520 
4,960 
4,500 
4,080 
3,  750 

4,980 
5,960 
5,145 
6,425 
6,010 
5,620 
6,280 
6,040 
5,590 
6,370 
5,603 
6,340 
6,213 
7  IMS 

5,540 
3,230 
5,125 
4,210 
5,300 
4,980 
4,930 
6,250 
4,750 
4,320 
5,790 
5,280 
5,080 

7,725 
5,185 
6,350 
5,290 
6,500 
4,978 
6,724 
8,620 
5,517 
6,127 
4,425 
5,545 
6,120 

5, 690          8, 189 
5,  580     1       5,  702 
5, 360           5, 894 
5, 650          5, 851 
4,  800           5,  425 
4,  920           5,  732 
4,  600           5, 390 
4, 420           5,  740 
4, 360    1      4, 365 
5, 280    1      6, 330 
5, 820          6, 000 
5,570 

Av.  4, 935 

5,897 

5,034 

5,941 

4,983 

6,008 

MAXIMUM  VARIATIONS 

45-second 
mix 

60-second 
mix 

90-second 
mix 

Cylinders: 
k  Maximum  strength 

5,630 
3,710 

5,820 
3,750 

6,250 
3,230 

Minimum  strength 

Difference _ 

1,920 
34 

2,070 
36 

3,020 
48 

Difference,  per  cent 

Cores: 

Maximum  strength _ 

Minimum  strength 

8,078 
4,740 

8,189 
4,365 

8,620 

4,425 

Difference 

3,338 
41 

3,824 
47 

4  195 

Difference,  per  cent 

49 

One  of  the  Outfits  Used  for  Drilling  Cores 

Table  21. — Results  of  tests  made  to  determine  effect  of  mixing  time  on  rate  of  increase  in  strength.     Cylinders  made  on  Federal-aid 

projects   17Jf.B-2   and   188 A   in   Hughes  and  Seminole  Counties,   Okla. 
[In  pounds  per  square  inch] 


Crushing  strength,  45-second  mix  at— 

Crushing  strength 

60-second 

mix  at — 

Crushing  strength 

.1'      IVMlld 

mix  at— 

10  days 

14  days 

21  days 

28  days 

10  days 

14  days 

21  days 

28  days 

10  days 

14  days 

21  days 

28  days 

3,745 

4,075 

4,480 

5,630 

3,445 

4,060 

4,965 

5,030 

3, 125 

4,220 

5,145 

5,540 

3,200 

4, 145 

4,360 

5,580 

4,055 

3,995 

5,070 

5,670 

i  2, 275 

2,515 

2,730 

3,230 

2,945 

3,470 

4,395 

4,420 

3,360 

3,830 

4,130 

5,440 

3,665 

4,180 

5,130 

5,125 

3,585 

4,200 

4,370 

4,710 

3,785 

3,475 

4,365 

5,000 

3,710 

3,260 

4,640 

■1,  210 

2,340 

3,330 

4,530 

3,710 

3,825 

4,060 

4,910 

5,  3'95 

3,950 

4,220 

5,280 

5,300 

4,140 

4,530 

4,960 

4, 850 

3,675 

4,190 

5,110 

4,620 

3,695 

4,430 

4,780 

4,980 

3,200 

3,590 

4,180 

4,380 

3,245 

3,960 

4,200 

4,790 

3,295 

4,210 

4,240 

4,930 

4,100 

4,800 

4,730 

5,230 

3,170 

3,170 

4,580 

4,910 

4,310 

4,730 

5,200 

6,250 

3,830 

4,350 

5,280 

5,590 

3,960 

4,085 

4,710 

5,110 

3,745 

4,305 

4,900 

4,750 

3,850 

4,160 

4,550 

4,360 

4,310 

4,450 

5,410 

5,520 

3,560 

4,010 

4,850 

4,320 

3,560 

4,360 

4,390 

5,165 

4,025 

4,  64U 

4,610 

4,960 

2,670 

4,090 

5,360 

5,780 

3,670 

4,570 

4,760 

5,290 

3,555 

3,780 

4,220 

4,500 

3,810 

4,070 

5,180 

5,280 

3,920 

4,210 

5,045 

5,240 

2,765 
3,555 

3,595 
3,635 

3,750 
4,220 

4,080 
3,750 

3,690 

4.  440 

4.175 

5,080 

1,21  HI 
4  220 

4,915 

5,240 

5,690 

4,640 
4,250 

4,970 

5,580 

3,185 

4,890 

5,360 

3,815 
3,585 
3,875 
3,900 
2,810 
3,410 
3,850 
4,020 
4,540 

4,375 

5,270 

5,650 

4,170 

4,440 

4,800 

3,  950 

4,  560 
3,970 
3,350 
4,350 
4,330 
4,730 

4,870 
5,280 
5,140 
4,300 
4,820 
4,990 
5,210 

4,  92(1 
4,600 
4,420 
4,300 

5,  280 
5,820 
5,570 

Av.  3, 545 

4,138 

4,617 

4,935 

3,  698 

4,097 

4,757 

5,034 

i  3,  500 

4,054 

4,739 

4,983 

Poor  break  which  if  omitted  changes  average  to  3,602. 
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(a ken  from  each  batch  of  concrete  selected,  and  broken 
ages  of  10,  14,  21,  and  28  days.     There  is  no  sig- 
nificant difference  in  the  rate  at  which  concrete  mixed 
iui  \  arious  periods  has  increased  in  strength. 

Tables  22  and  2:^  give  data  from  jobs  in  South  Caro- 
lina and  in  Kansas. 

Table  22. — Compressive  strength  of  cylinders  taken  on  Federal-aid 
project  2/(3 A,  Spartanburg,  S.  C. 

[Mix  94:170:370  by  weight;  crushed  stone  coarse  aggregate;  Foote  mixer  in  good  con- 
dition; average  slump  one-half  inch] 

(In  pounds  per  square  inch) 


Table  24. — Compressive  strength  of  cylinders  taken  on  a  job  in 
Hillsdale  County,   Mich. 

[Mix  1:2:3.1;  gravel  coarse  aggregate;  Rex  mixer  in  fair  condition] 

(Pounds  per  square  inch) 


45-second 
mix 

60- 

second 

mix 

75- 

second 

mix 

45-second 
mix 

60-              75- 

second  ,  second 

mix          mix 

3,490 
3, 165 
3,850 
3,010 
3,  730 
3,  290 
3,110 
3,450 
3,335 
3,375 
2,840 

3.050 

2,  780 
3,610 

3,  085 
3,310 
3,390 
3,375 
3,415 
:;.  1230 
2,790 

2,990 

2,  950 

3,  770 
3,590 
.:,  ii.'iii 
2,990 
3,330 
2,995 
4,000 
3,655 
3,675 

2,715 
3,790 
2,890 

3, 395         3, 395 

3,780     !     3,510 
3, 195     1     3, 550 
2,  895         3.  245 

3,  090 
3,655 
3,390 
3,770 

3,675 
3,475 
3,250 
3,215 

3,795 
3,240 
3,810 
4,180 

Av.  3,330         3,311 

3,506 

Mixing  time  in  seconds 

Slump 

(1- 

minute 

mix) 

w 

C 

1 
Fine- 
ness 
modu- 
lus 

30 

45 

60 

75 

90 

120 

180 

2,244 
2,020 
2,780 
3,595 
3,000 
3,295 
2.900 
2,800 
2,711 
3,307 
1,657 
3,095 
2,580 
2,870 
2,794 
4,358 
5,  290 
4,295 
3,464 
5,365 

3.147 
3, 125 
2,550 
3,140 
3,720 
3,425 
3,880 
4, 090 
2,409 
4,450 
2,687 
4,085 
3,420 
4,100 
2,408 
4,723 
4,628 
3,727 
4,728 
5,068 

4,449 
3,480 

2,  965 
2,835 
3,440 
4,795 
4,530 
3,840 
2,642 

3,  238 
4, 000 
3,  270 
2,700 
3,170 
3,355 
4,903 

3,887 
3,935 
3,  210 
2,770 
3,960 

3,102 
3,445 
2,871 
3,419 
3,680 

3,926 
4,  055 
2,859 
2,845 
4,285 
4,880 
4,625 
4,670 
2,622 
3,  675 
3,678 
3,642 
3,710 
4,545 
4,980 

3,692 
4, 660 
3,380 
2,815 
4,040 

Inches 
IK 
IK 

2 

i 
i 
m 

m 
% 

H 

m 

M 

0.74 
.68 
.90 
.80 
.70 
.58 
.50 
.50 
.49 
.49 
.54 
.52 
.52 
.56 
.56 
.55 
.55 
.45 
.45 
.49 

5.90 
5.60 
5.79 
5.76 
5.82 
5.88 
5.88 
5.88 
5.78 
5.78 
5.78 
5.77 
5.77 
5.80 
6.35 
6.35 
6.35 
6.23 
6.23 
6.23 

4,000 

5, 000 

4,823 
5,  660 
4,916 

4, 155  1-     

4,  751 
4,687 
5,568 

3,088 
4.971 
5,168 

5,810 

Av.     3, 221 

3,675 

3, 838     3,  552 

4,247 

4,012 

3,717 

1.18 

.578 

Table  23.— Data  on  cylinders  taken  on  Federal-aid  project  860A 
in  Johnson  County,  Kans. 

[Mix  1 :2:3M>;  limestone  coarse  aggregate;  Foote  mixer  in  fair  condition] 


Table  25. — Compressive  strength  of  cylinders  taken  on  Federal-aid 

project  163  in  Canadian  County,  Okla. 

[Mix  1:2:3H;  limestone  coarse  aggregate;  Koehring  mixer  in  fair  condition] 

(Pounds  per  square  inch) 


45-second  mix 

60-second  mix 

90-second  mix 

w               Com- 
—           ,  pressive 

W 

Com- 

W 

Com- 

pressive 

pressive 

O            strength 

C 

strength 

c 

strength 

Lbs.  per 

Lbs.  per 

Lbs.  per 

sq.  in. 

sq.  in. 

sq.  in. 

0.661     ;       4,416 

0.675 

4,734 

0.675 

5,811 

.  661           4,  522 

.675 

4,769 

.675 

4,875 

.  657     !       5, 281 

.669 

4,928 

.713 

5,016 

.657 

5,246 

.669 

4,769 

.713 

4,981 

.657 

4,027 

.669 

5,145 

.714 

5,122 

.657 

4,  946 

.669 

4,734 

.714 

4,486 

.715 

4,274 

.666 

5,122 

.701 

5,458 

.715 

3,674 

.666 

4,751 

.701 

5,476 

.724 

5,122 

.661 

5,511 

.687 

6,288 

.724 

4,  928 

.661 

4,840 

.687 

6,112 

.679 

4,628 

.668 

5,158 

.672 

4,098 

.679 

4,204 

.668 

4,904 

.672 

3,921 

.668 

5,600 

.675 

5,511 

.672 

4,857 

.668 

4,946 

.675 

5,211 

.672 

4,159 

.  063 

5,440 

.684 

5,  370 

.684 

5,052 

.  663 

3,833 

.684 

5,476 

.684 

4,963 

.663 

4,981 

.684 

5,087 

.678 

4,910 

.  663 

4,416 

.684 

4,734 

.678 

4,910 

.663 

4,610 

.684 

4,487 

.684 

5,458 

.663 

3,939 

.684 

4,310 

.684 

5,450 

.645 

5,017 

.652 

5,547 

.652 

5,405 

.  645 

5,  599 

.652 

5,193 

.652 

5,052 

.  660 

4,346 

.652 

5,900 

.652 

4,593 

.  666 

3,674 

.652 

5,193 

.652 

4,204 

.  657 

5,617 

.654 

6,006 

.652 

4,875 

.657 

4,767 

.  654 

5,290 

.652 

4,346 

.652 

4,910 

.654 

6.289 

.662 

4,610 

.652 

4,593 

.654 

5,299 

.662 

3,992 

.657 

5,953 

.654 

6,112 

.638 

"   5,229 

.657 

5,600 

.  654 

4,169 

.638 

5,087 

Av.     .  668 

4,770 

.667 

5.153 

.676 

4,960 

Average  for  15  cylinders 

Comi 

)ressive  str 

ength 

45-second 

60-second 

90-second 

mix 

mix 

mix 

Lbs.  per 

Lbs.  per 

Lbs.  per 

sq.  in. 

sq.  III. 

sq.  in. 

Cured  with  calcium  chloride... 

4,580 

4,920 

4,800 

Cured  in  damp  earth 

4,948 

5,367 

5,119 

Mixing  time  in  seconds 

Slump 

(1- 

minute 

mix) 

W 
C 

Fine- 
ness 

modu- 
lus 

30 

45 

60          75 

90 

120 

180 

3,045 
2,580 
4,325 
4,630 
2,261 
2,030 

4,495 
4,700 
4,185 
4,  530 
3,290 
3,330 

5, 135     4, 415 
4,  845      4,  485 
5,350  ,  5,855 
4,920  :  5,310 

3,  820     4,  270 

4,  052      4,  520 

4,985 
3,405 
4,520 
3,730 
5,160 
5,255 

3,260 
3,660 
3,595 
4,080 
3,  065 
2,750 

4,780 
4,130 
2,420 
2,650 
5,240 
4,625 

Indies 

0.56 

6.18 

H-5H 

.56 

6.04 

H-4 

.58 

6.  IS 

Av.     3,  145 

4,088 

4,687  |  4,809 

4,509 

3,402 

3,974 

.57 

Table  26  gives  the  modulus  of  rupture  for  a  series  of 
beams.  The  cylinders  taken  on  this  job  are  not  re- 
ported as  a  new  laboratory  practice  which  was  used  in 
breaking  them  rendered  the  results  of  doubtful  sig- 
nificance. 

Table  26. — Modulus  of  rupture  of  a  series  of  bea?ns  taken  on 
Federal-aid  project  55A  in  Anderson  County,  Tenn.  Each 
entry,  is  the  average  of  three  breaks 

[Mix  1:2:3'  i;  stone  and  gravel  coarse  aggregate;  new  Koehring  mixer] 


Tables  24  and  25  merely  add  to  the  data  presented. 
Neither  is  of  special  significance. 


Mixing  time  in  seconds 

45 

60 

75 

120 

180 

240 

Pounds  per  square  inch 

600 
498 
591 
617 
733 
579 
706 
716 
513 
583 

532 

505 
524 
518 
658 
555 
576 
758 
590 
522 

768 
501 
489 
556 
516 
537 
631 
591 
563 
588 

590 
677 
530 

635 
660 

670 

Do... 

Do 

Do 

Do 

Do.. 

Do 

1 

Do 

Do 

Do 

Average 

614 
32 

574 
34 

574 
36 

599 
10 

647 
7 

670 

Total  number  of  breaks... 

3 

Maximum 

733 
498 

758 
505 

768 
489 

677 
530 

Minimum 

Difference... 

235 
32 

253 
33 

279 
36 

147 
22 

Difference,  per  cent 

I 
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Table  27.-Data  on  cylinders  and  beams  secured  on  Federal-aid  project  208C  in  Grady  County,  Okla.     Specimens  were  cured  by  var 

methods 

[Mix  1:  2:  3lA;  limestone  coarse  aggregate:  Koehring  mixer  in  fair  condition] 

CURED   WITH   CALCIUM   CHLORIDE-SURFACE   APPLICATION   OF  2  POUNDS   PER  SQUARE    YARD 


30-second  mix 

45-second  mix 

60-second  mix 

90-second  mix 

180-second  mix 

Slump 

W 

c 

Com- 

pres-       Modu- 

sive     '    lus  of 

strength  rupture 

of              of 
cylin-    '  beams 
ders 

Slump 

W 

Com- 
pres- 
sive 
strength 

of 
cylin- 
ders 

Modu- 
lus of 
rupture 

of 
beams 

Slump 

W 

c 

Com- 
pres- 
sive 
strength 

of 
cylin- 
ders 

Modu- 
lus of 
rupture 

of 
beams 

Slump 

W 

C 

Com- 
pres- 
sive 
strength 

of 
cylin- 
ders 

Modu- 
lus of 
rupture 

of 
beams 

Slump 

W 
C 

Com- 
pres- 
sive 
strength 

of 
cylin- 
ders 

Modu- 
lus of 
rupture 

of 
beams 

Inches 

Lbs.  per    Lbs.  per 
sq.  in.       sq.  in. 

Inches 

3.12 

3.  12 

2.  70 

2.70 

.25 

.25 

1.25 

1.25 

.32 

.32 

0.64 
.64 
.60 
.60 
.62 
.62 

Lbs.  per 
si/,  in. 
3,902 
4,136 
3,525 
4,496 
4,626 
4.379 

Lbs.  per 

sq.  in. 

469 

Inches 

0.37 

.37 

.37 

.37 

.37 

.37 

1.50 

1.50 

4.37 

4.37 

.75 

.75 

0.45 
.45 
.45 
.45 
.45 
.45 
.65 
.65 
.67 
.67 
.52 
.52 

Lbs.  per 
sq.  sn. 
4,610 
1,375 
4,620 
4, 175 
4,  285 
4, 136 
3,240 
3,130 
3,095 
3,240 
3,735 
3,725 
3,905 
4,14.r, 

Lbs.  per 

sq.  in. 

2.12 
2.12 
2.00 
2.00 
3.75 
3.75 
2.44 
2.44 
2.00 
2.00 

0.58 
.58 

.57 
.57 
.45 
.45 
.64 
.64 
.  60 
.  60 

Lbs.  per 
sq.  in. 
4,424 
4,658 
3,956 
4,036 
3,823 
4, 136 
3,465 
3,455 
4,060 
3,795 

Lbs.  per 

sq.  in. 

[nehes 

Lbs.  per 

sq.  ill. 

Lbs.  per 
sq.  in. 

592    

664 

508 

613 

514 

.56          3,600 

582 

621 
550 

533 

.56 
.61 
.61 

3,870 
3,510 
3,270 

549 

1 

3,815 
4,090 

1 

Av 

1.53 

.606 

3,931 

575 

1.29 

.533 

3,895 

585 

2.46 

.568 

3,981 

533 

CALCIUM    CHLORIDE    ADMIXTURE— 2    PER    CENT    OF    CEMENT   BY   WEIGHT 


0.63 
.63 

0.45 
.45 
.52 
.52 
.49 

3,365 
3,380 
2,015 
2,045 
4,110 

527 

0.25 

0.49 

3,490 
2,985 
2,825 
2,535 
2,610 
2,985 
3,345 
3,185 
3,580 

506 

1.75 
1.75 
2.12 
2.12 
.63 
.63 
2.12 
2.12 
2.25 
2.25 

0.49 
.49 
.54 
.54 
.53 
.53 
.52 
.52 
.50 
.50 

3,200 
3,420 

2,550 
2,655 
3,365 
3,130 
2,375 
2,335 
2,225 
2,020 

486 

2.88 

0.45 

3,040 
2, 665 

2,  NT- 

2. 265 
2,610 

2,430 
2,590 
3,435 
3,625 

548 
514 
576 
413 

""565* 

2.06 
2.06 
.25 
.25 
2.50 
2.50 

0.62 

.62 
.68 
.68 
.63 
.63 

2,625 
2,305 
2,825 
3,290 
2,770 
2,375 

608 
435 

.88 
.88 

448 

575 

.37 
1.12 
1.12 
1.00 
1.00 
1.12 
1.12 

.49 
.52 
.52 
.49 
.49 
.62 
.62 

520 

479 

"""512" 

478 
513 

.25 
2.25 
2.25 
4.75 
4.75 
.25 
.25 

.50 
.54 
.54 
.52 
.52 
.58 
.58 

530 

.75 

448 

475 

1         -   - 

413 

458 

542 
414 

1 

\. 

1 

Av.        0.76 

.486         2,983 

517  ;       .88 

.530 

3,060            486 

1.77 

.516 

2,728 

485 

2.20 

.529 

2,837 

512       1.60 

.643 

2,698 

505 

CURED    WITH    MOIST    EARTH 


Av. 


1.25 
1.25 
3.37 
3.37 
.70 
.70 


2.75 
2.75 


1.79 


0.54 
.54 
.52 
.52 
.51 
.51 
.49 
.49 
.53 
.  53 


.518 


,118 


497 


581 


12  0. 

12 

12 

12 

12 

12 

12 

12 

12 

12- 


1.92 


.534 


653 


640 


1.20 
1.20 
5.12 
5.12 
2.12 
2.12 
2.62 
2.  02 
2.25 
2.25 


2.66 


0.56 
.56 
.57 
.57 
.54 
.54 
.51 
.51 
.52 
.52 


.540 


4,  460 
4,  763 
3,810 
3, 525 
3,878 
3,705 
4,442 
4,028 
4,250 
3,471 


4,033 


643 


660 
"711 


604 

"en' 


647 


CURED  IN 

OPEN  . 

UR   WITHOUT   COVER  OE 

SPRINKLING 

1 

2  37   "  58 

3,200 

2,895 
3,785 
3,775 
3,510 
3  775 

493 

0.50 
.50 
.50 
.50 
.50 
.50 
5.  37 
5.37 
.58 
.58 

0.50 
.50 
.50 
.50 
.50 
.50 
.58 
.58 
.60 
.60 

3,235 

3,850 
:t,  750 
3,555 
3,805 
3,510 
2,335 
2,845 
3,630 
3,750 

1.70 
1.70 
1.50 
1.50 
1.25 
1.  25 
2.88 
2.88 
.88 
.88 
3.50 

0.54 
.54 
.56 
.56 
.59 
.59 
.60 
.60 
.60 
.60 
.65 

3, 420             565 

1 

2.37 
1.00 
1.00 

.58 
.50 
.50 

3, 215 
3,920 
3,295 
3,365 
2,855 
3,  600 
2,600 
3,890 

621 

493 

-  _   - 

529 

469 

..I 

1.50 
1.50 

.63 

.63 

fil 

3,920 
4,190 
3,740 
3,810 

482 

576 

486 

572 

506 

1.25  '  .61 

3,955 

499 

1.49 

.536 

3  433             5751 

1.81 

.584 

3,412 

518 

1 

1 

- 

Table  27  covers  series  of  cylinders  which  were  taken 
where  special  methods  of  curing  were  used  on  the  pave- 
ment. The  cylinders  were  cured  just  as  the  pavement 
was  cured.  Beams  were  also  made  (cross  section  6  by  8 
inches)  and  the  modulus  of  rupture  for  these  is  given. 

Table  28  gives  the  results  of  a  series  of  density  deter- 
minations of  cylinders   and   cores  with   the  breaking 


strengths  of  some  of  the  cylinders.  The  uniformity  of 
the  densities  determined  for  both  cylinders  and  cores  is 
outstanding  but  there  is  a  wide  variation  in  the  breaking 
strength  of  the  cylinders.  The  density  determinations 
were  made  at  the  University  of  Texas  under  the  direc- 
tion of  Professor  Thomas,  whose  assistance  in  tins  ami 
other  phases  of  this  study  has  been  very  helpful. 
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-  MAXIMUM  BREAKING  STRENGTH 

^-AVERAGE  STRENGTH 

,  AVERAGE  BREAKING  STRENGTH 

.-AVERAGE  STRENGTH 

— ■=~" 

.MINIMUM    BREAKING  STRENGTH 

,  AVERAGE  STRENGTH 

■ 

JO  45  60  75  90  120  180 

mixing  time -seconds 
Fig.  1. — Effect  of  Mixing  Time  on  Strength  of  Concrete.     Based  on  Average  Results  for  1,266  Cylinders 
Fkom  24  Jobs.     Broken  Line  Shows  Average   Breaking  Strength  of  Each  Group  Without  Regard  to 
Mixing  Time 


Table  28. — Results  of  density  determinations  of  cylinders  and  cores 
taken  on  Federal-aid  project  449A  in  Clay  County,  Tex. 

[Mix  1:2:3}^;  crushed  rook  and  gravel  coarse  aggregate;  Koehring  mixer  in  good 

condition] 

DETERMINATIONS   FOR   CYLINDERS 


Density 


2.411 
2.443 
2.428 
2.422 
2.436 
2.415 
2.438 
2.425 
2.424 
2.408 
2.431 
2.418 


Mixing 
time 

i 
Com- 
pressive 
strength 

Seconds 

Lbs.  per 
sq.  inch 

00 
120 
90 
45 

4,906 
4,470 
5,230 
4,750 

Density 


2.406 
2.409 
2.409 
2.402 
2.436 
2.448 
2.456 
2.441 
2.443 
2.443 


Av.2.  429 


Mixing 
time 


Seconds 
30 
120 
45 
60 
90 
30 
30 
30 


Com- 
pressive 
strength1 


Lbs.  per 
sq.  inch 
4,200 
5.600 
5,370 
6,050 
4,540 
7,470 
7,770 
6,320 


DETERMINATIONS   FOR   CORES 


2.40 
2.50 
2.47 

2.47 

Av.2.  460 

Table  29  is  a  general  summary  of  the  preceding 
tables.  In  preparing  this  table  the  results  secured  on 
Texas  Federal-aid  project  475  and  Oklahoma  State- 
aid  project  159A  have  been  omitted  because  in  one 
case^  the  mixer  charged  slowly  and  in  the  other  case 
the  Inside  of  the  drum  was  heavily  coated  with  concrete. 
Kansas  Federal-aid  project  360A  might,  with  some 
reason,  also  have  been  omitted  as  the  mixer  charged 
slowly,  though  in  this  case  the  lag  was  not  extreme. 
These  results  cause  a  slight  reduction  in  the  average 
strength  of  the  concrete  mixed  45  seconds. 

Table  30  is  a  study  of  the  uniformity  of  the  test  re- 
sults. It  is  valuable  in  that  it  brings  out  the  fact  that 
uniformity  of  results  has  not  been  greatly  affected  by 
the  length  of  the  mixing  period. 

Before  presenting  the  conclusions  drawn  from  this 
study,  it  is  desired  to  refer  to  work  along  this  same  line 
done  by  the  California  State  Highway  Department  and 
reported  by  S.  S.  Pope  in  California  Highways,  Febru- 
ary, 1926.  These  tests  resulted  in  the  conclusion  that 
concrete  mixed  two  minutes  was  not  better  than  that 
mixed  one  minute. 


Reference  should  also  be  made  to  the  report  of  Duff 
A.  Abrams  before  the  1918  meeting  of  the  American 
Concrete  Institute.  It  appears  from  a  rather  careful 
study  of  the  data  presented  at  that  time  that  a  fact  of 
considerable  importance  has  been  overlooked  in  this 
report,  and  in  discussions  of  it,  namely,  that  for  mixes 
of  approximately  the  proportions  now  used  in  concrete 
paving  and  for  water-cement  ratios  approximately  as 
are  in  use  to-day,  increasing  the  mixing  period  from  one 
minute  to  two  minutes  not  only  failed  to  increase 
strength  but  actually  caused  an  average  loss  in  strength. 

Every  investigator  should  be  permitted  all  reasonable 
latitude  in  the  interpretation  of  the  results  of  tests 
made  under  his  direction.  Therefore,  as  a  recession  in 
a  generally  ascending  curve  such  as  the  mixing-time- 
strength  curve  has  been  assumed  to  be,  is  of  uncommon 
occurrence,  it  is  not  surprising  that  in  plotting  the 
results  of  this  test"  the  significance  of  these  results  was 
overlooked,  a  steadily  rising  curve  being  used.  But,  in 
view  of  the  data  which  has  been  secured,  it  is  interesting 
to  wonder  whether  the  test  results  were  not,  after  all, 
accurate  and  the  interpretations  of  them  on  which 
modern  practice  in  this  matter  so  largely  rests,  too 
general.  Figure  1  and  Table  29  summarize  the  data 
secured  in  the  mixing-time  studies  for  the  convenience 
of  those  who  wish  to  examine  the  general  trends 
indicated. 

CONCLUSIONS 

Conclusions  drawn  from  an  investigation  of  this  sort 
must  be  prefaced  by  at  least  a  brief  reference  to  such 
matters  as  the  margin  of  error  in  testing  work,  of  the 
meaning  of  averages,  of  probabilities  and  related 
matters.  For  example,  it  is  known  that  the  results 
obtained  by  breaking  a  long  series  of  cylinders,  which 
are  as  nearly  alike  as  anyone  knows  how  to  make  them, 
are  seldom  wholly  consistent.  How  much  of  this  is 
due  to  differences  in  the  cylinders  themselves,  no  one 
knows.  It  is  customary  to  assume  that  much,  if  not 
most  of  it,  is.  On  the  other  hand,  the  average  strengths 
obtained  by  different  laboratories  on  groups  of  random 
cylinders  taken  from  a  series,  all  of  which  should  be  of 
equal  strength,  will  sometimes  differ  more  than  a 
thousand  pounds.  This  is  quite  a  sufficient  basis  for 
the  conclusion  that  differences  in  the  strength  of 
individual  cylinders  in  the  same  series  are  not  wholly 
the  result  of  differences  in  the  cylinders  themselves. 
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This  is  brought  out  in  Table  28,  the  differences  in 
strength  in  this  case  being  so  much  greater  than  the 
difference  in  specific  gravity  that  it  seems  some  other 
factor  must  be  involved. 

The  unavoidable  errors  innate  in  work  of  this  sort 
make  it  impossible  to  assert  that  we  are  ever  dealing 
with  specific  facts.  What  we  really  have  is  a  mass  of 
data,  all  of  which  may  be  inexact  and  most  of  which 
undoubtedly  is  somewhat  in  error.  Averages  tend  to 
correct  these  errors,  but  do  not  wipe  them  out  entirely. 
The  averages  certainly  are  not  accurate  as  to  the  units 
or  the  tens,  and  probably  are  not  accurate  as  to  the  hun- 
dreds. Indeed,  it  is  doubtful  if  they  are  accurate  to 
within  5  per  cent.  This  being  the  case,  their  signifi- 
cance lies  in  the  trend  they  show.  For  this  study  the 
averages  secured  for  mixing  periods  from  45  seconds  to 
180    seconds,    when   plotted,    produce    a    saw-toothed 


effect  without  significant  trend  either  up  or  down. 
The  figures  themselves  are  practically  meaningless, 
but  the  lack  of  either  upward  or  downward  trend  is 
significant.  It  is  also  significant  that  there  is  the 
same  lack  of  trend  in  the  average  maximum  and  in 
the  average  minimum  strengths.  The  amount  of  data 
accumulated  on  core  strengths  and  on  beam  strengths 
is  less  than  that  accumulated  on  cylinder  strengths, 
but  none  of  it  in  any  way  is  contradictory  to  the  data 
derived  from  cylinders. 

Summarizing  the  situation  in  the  light  of  the  data 
collected  during  this  study,  the  evidence  strongly  indi- 
cates that  where  standard  2 IE  and  27E  pavers  which 
are  in  good  condition  are  used,  neither  strength  nor 
uniformity  of  test  results  is  improved  by  mixing  the 
concrete  over  45  seconds. 


Table  30. — Uniformity  of  test  results  as  indicated  by  percentage  of  cylinders  varying  in  compressive  strength  by  15,  10,  and  5  per  cent 

from  average  for  group 


[A  total  of  1,464  cylinders  reported  iu 

this  tabulation,  but  only  1,385  included  in  averages 

30-second  mix 

45-second  mix 

60-second  mix 

75-second  mix 

State  and  project  No. 

Cyl- 
inders 

15  per 
cent 

10  per 
cent 

5  per 
cent 

Cyl- 
inders 

15  per 
cent 

10  per 
cent 

5  per 
cent 

Cyl- 
inders 

15  per 
cent 

10  per 

cent 

5  per 
cent 

Cyl- 
inders 

15  per 
cent 

10  per 
cent 

5  per 
cent 

Tex    F   A   P   136X 

Number 
7 
10 

0 
50 

29 
60 

29 
90 

Number 

9 

10 

6 

9 

7 

6 

25 

12 

18 

10 

10 

10 

10 

20 

11 

0 

0 

22 

'86 

17 

20 

25 

50 

50 

50 

40 

30 

20 

22 
20 

'33 
44 

'86 
17 
48 
42 
61 
60 
80 
60 
70 
25 

67 
40 

'50 
67 

'86 
50 
76 
58 
84 
90 
80 
70 
80 
70 

\n  iiiIh  I 

18 

;> 

6 
10 

7 

6 
19 
13 
18 
10 
10 
10 
10 
53 
76 
10 
26 
19 
15 
15 
16 
10 
10 
10 
20 

6 

11 
33 
1  67 
20 
0 
0 
32 
31 
56 
60 
0 
0 
50 
32 
45 
30 
12 
16 
13 
7 
38 
50 
30 
20 
60 
17 

22 
67 

'67 
30 

'29 
33 
63 
38 
72 
80 
30 
20 
50 
51 
59 
40 
42 
37 
33 
20 
44 
80 
50 
40 
75 
50 

61 
78 
100 
60 
1.57 
67 
84 
69 
89 
90 
60 
70 
60 
75 
n     83 
70 
65 
47 
53 
53 
69 
90 
80 
70 
85 
67 

Number 

Tex     F   A   P   479 

Tex  ,  F  A.  P.  475 

4 
10 
7 
4 
14 

0 
10 
i  43 
25 
21 

i  50 
20 

1  43 
50 
43 

■  100 

Okla.,  F.  A.  P.  159A 

10 
9 
6 

5 
5 
16 

0 
i  33 

0 
20 

0 
38 

0 

•67 
17 
60 
0 
50 

20 

'78 
50 
80 

40 
75 

90 

Okla.,  S.  A.  P.  318 

'86 

Okla  ,  F.  A.  P.  130 

50 

Mo.,  F.  A.  P.  229C 

71 

10 

50 

80 

100 

Okla    F  A   P   148E 

Do 

Do 

5 

100 

100 

100 

Do 

20 

70 

80 

85 

7Q 

,9 

25 

46 

71 

10 

0 

30 

60 

10 
13 
18 
15 
15 
10 

9 
10 
10 
20 

6 

20 

8 
11 

7 
33 
20 
22 
20 
10 
45 
33 

40 
54 
39 
47 
47 
50 
33 
20 
30 
75 
50 

80 
77 
56 
80 
73 
80 
67 
60 
40 
90 
83 

Okla    F   A   P   174B2   188  \ 

S   C  ,  F   A   P.  243A 

19 

11 

32 

68 

Do 

Do 

5 

60 

100 

100 

Mich.,  job  2.                _  ___ 

19 
6 

47 
33 

74 
67 

89 
83 

5 
6 

20 

17 

60 
33 

100 

Okla.,  F.  A.  P.  163 

100 

Total  or  average.           .- 

124 

32 

51 

69 

2S.-, 

25 

45 

70 

419 

28 

47 

71 

147 

22 

46 

81 

roject  N 

3. 

90-second  mix 

120-seco 

nd  mix 

180-secc 

nd  mix 

State  and  p 

Cyl- 
inders 

15  per 
cent 

10  per 

cent 

5  per 
cent 

Cyl- 
inders 

15  per 
cent 

10  per 
cent 

5  per 
cent 

Cyl- 
inders 

15  per 
cent 

10  per 
cent 

5  per 
cent 

Number 
9 
10 
6 
10 
8 
6 
3 
5 
10 
10 
10 
10 
10 
10 
27 
10 
13 
15 
If, 
10 
9 
10 
10 
11 
6 

0 
0 
0 
30 
1  25 
0 
0 
20 
50 
50 
0 
10 
10 
30 
15 
10 
31 
13 
13 
10 
22 
10 
20 
73 
50 

0 
20 

i  17 
60 

'25 
17 
0 
40 
50 
60 
10 
30 
30 
40 
37 
40 
46 
27 
47 
40 
33 
50 
50 
82 
83 

33 
60 

133 
70 

■  62 
33 
0 
80 
70 
70 
70 
40 
80 
70 
59 
70 
54 
60 
73 
40 
56 
70 
70 

100 
83 

Number 
9 
8 
6 

10 
7 
5 
5 
5 

17 

56 
38 

0 
10 
1  14 
20 
40 

0 
47 

67 
63 
0 
20 
i  14 
20 
60 
40 
71 

100 
75 

1  50 
40 

1  57 
60 
80 
40 
82 

Number 

7 

0 

14 

43 

4 

0 

0 

0 

2 
4 
3 

0 

25 
67 

0 

50 
67 

0 
50 
67 

9 

67 

67 
on 

78 

10 
23 

10 

30 
26 
20 

60 
43 
50 

60 

78 
70 

0  ! 

18 
fi 

56 
17 

78 
33 

89 

67 

6 

5 
6 

17 

40 

83 

50 

40 
83 

50 
83 

239 

20 

39 

61 

126 

30 

50 

70 

45 

37 

49 

61 

'  Not  included  in  totals  or  averages  (79  cylinders). 
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LIP  CURB  FOR  CONCRETE  PAVEMENT 

Reported  by  ST.  CLAIR  T.  THOMAS,  Associate  Highway  Engineer,  Division  of  Design,  United  States  Bureau  of  Public  Roads 

IP  curbs  to  protect  the  earth  shoulders  of  concrete    differs  from  the  integral  curb,  or  the  curb  and  gutter, 


pavements  from  erosion  by  the  run-off  of  ram 

water,  have  been  included  in  designs  submitted 

for    Federal-aid    projects,    by    four    States — Georgia, 


5L0PE  'f":  l-Q  CUTANOEMB 


W^^-W^^^' 


GEORGIA 


as  its  capacity  is  only  sufficient  for  normal  rainfalls, 
and  the  height — 2  to  3  inches  in  8  to  12  inches — is  not 
sufficient  to  prevent  traffic  from  running  over  the  edge 
of  the  pavement. 

The  necessity  for  lip  curb  is  determined  by  the 
character  of  the  shoulder  material  and  the  grade  of  the 
pavement.  It  is  usually  not  required  in  the  heavier 
soils,  such  as  clays,  which  do  not  erode  as  readily  as 
silt  or  sand.  Iowa,  where  the  loess  soil  erodes  readily, 
was  one  of  the  first  States  to  submit  lip  curb  on  a 
Federal-aid  project. 


ILLINOIS 


IOWA 


-l-E 


.  t>2    s  ASPHAITIC  CONCRETE 


■    t.r.^.1.      ......    .  .  ^    ,  ;I-|    ;    ^,  ,      k    ,    ,. 


— ~— J-IU/ 


EXTRA  THICKNESS 

PAVEMENTADJACENT 

TOMINNEAPOLIS 


MINNESOTA 
Fig.  1. — Designs  of  Lip  Curbs  for  Concrete  Pavements 

Illinois,  Iowa,  and  Minnesota.  These  designs  are 
shown  in  Figure  1.  The  lip  curb,  or  edging,  con- 
structed on  the  top  of  the  pavement,  serves  the  purpose 
of  carrying  the  rain  water  to  the  nearest  offtake.     It 


Type  of  Curb  Used  by  Iowa  in  1925.     Note  Berm  Slop- 
ing Toward  Pavement 

The  lip  curb  is  constructed  immediately  after  the 
pavement  proper  has  been  finished.  The  side  forms  are 
raised  to  the  required  elevation,  and  then  the  extra 
concrete  of  the  same  mix  as  the  pavement  is  spread 
next  to  the  form  and  finished  to  the  proper  cross  sec- 
tion with  a  float.  In  Georgia  the  corner  is  rounded 
with  an  edging  tool.  Offtakes  are  constructed  at  suit- 
able locations,  the  design  of  the  opening  varying  with 
the  steepness  of  the  roadway  grade. 

In  both  Illinois  and  Georgia  the  unit  for  payment  is. 
the  lineal  foot  of  lip  curb.  On  one  project  in  Illinois 
the  price  was  10  cents,  and  on  a  job  in  Georgia  the  cost 
was  4  cents  a  lineal  foot.  In  Minnesota  and  Iowa  the 
cost^is  included  in  the  unit  price  bid  for  the  concrete 
pavement. 
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EFFECT  OF  PAVEMENT  TYPE  ON  IMPACT  REACTION 


Reported  by  J.  T.  THOMPSON,'  Highway  Research  Specialist,  Division  of  Tests,  United  States  Bureau  of  Public  Roads 


THE  question  has  been  repeatedly  raised  as  to 
whether  or  not  certain  types  of  pavement  or  of 
pavement  surfacing  possess  inherent  cushioning 
or  shock-absorbing  properties,  by  virtue  of  which  these 
types  function  to  protect  themselves  or  (when  used  as 
a  surfacing)  the  bases  on  which  they  are  employed. 

In  order  to  add  to  the  rather  meager  data  available 
on  this  subject,  the  Bureau  of  Public  Roads  carried  out 
the  investigation   described   in   this  report.     Table    1 
shows    the   character  and 
location  of  the  types  tested. 


TESTING     APPARATUS     DE- 
SCRIBED 

The  testing  apparatus 
consisted  of  an  impact  ma- 
chine 2  for  producing  the 
necessary  impact  forces 
and  an  accelerometer 3  for 
determining  these  forces. 
Both  have  been  described 
in  detail  in  previous  arti- 
cles, and  only  a  very  brief 
description  of  each  will  be 
given  here. 

The  impact  machine 
consists  of  a  plunger  the 
lower  end  of  which  is 
equipped  with  the  rear 
wheel  of  a  conventional 
motor  truck,  carrying,  in 
this  case,  dual  worn  solid 
tires.  The  plunger  can  be 
raised  against  the  action 
of  a  calibrated,  conven- 
tional truck  spring  by 
cams  actuated  by  a  hand- 
wheel  through  a  suitable 
gear  train.  When  the 
plunger,  with  the  truck 
wheel,  has  risen  to  the  de- 
sired height  of  drop,  it  is 
released  from  the  cam,  the 
truck  wheel  being  forced 
down  upon  the  pavement 
under  the  combined  influ- 
ence of  gravity  and  the 
truck  spring.  The  height 
of  drop  of  the  plunger  and 
the  spring  pressure  can 
both  be  varied  by  means 
of  suitable  controls. 

The  accelerometer  used  is  of  the  coil-spring  type  and 
consists  of  a  weight  mounted  upon  a  vertical  plunger, 
both  of  which  are  supported  by  a  coil  spring.  When 
the  mass  to  which  the  instrument  is  attached  is  deceler- 
ated, the  weight  and  plunger  of  the  accelerometer 
are   forced    downward,    compressing   the    coil   spring. 

'  Also  associate  professor  of  civil  engineering,  The  Johns  Hopkins  University. 

2  Teller,  L.  W.,  Impact  Tests  on  Concrete  Pavement  Slabs,  Public  Roads,  vol.  s, 
No.  2  April    1924 

s  Teller,  L.  W.,' Accurate  Accelerometers  Developed  by  Bureau  of  Public  Roads, 
Public  Roads, vol.  5,  No.  10,  December,  1924. 
4136—28 


IMPORTANT  CORRECTION 

By  inadvertence  a  final  paragraph  was  omitted  from  the 
article  entitled  "The  effect  of  the  length  of  the  mixing 
period  on  the  quality  of  the  concrete  mixed  in  standard 
pavers,"  published  in  the  July  number  of  Public  Roads. 

In  the  last  paragraph  of  the  article  as  published  it  was 
stated  that — 

"Summarizing  the  situation  in  the  light  of  the  data 
collected  during  this  study,  the  evidence  strongly  indicates 
that  where  standard  21 E  and  27E  pavers  which  are  in  good 
condition  are  used,  neither  strength  nor  uniformity  of  test 
results  is  improved  by  mixing  the  concrete  over  45  seconds." 

This  statement  properly  summarizes  the  evidence 
obtained  in  the  investigation  upon  which  the  article 
reported,  but  it  might  be  inferred  from  it  that  the  Bureau 
of  Public  Roads  advocates  reduction  of  mixing  time  to 
three-quarters  of  a  minute.  There  was  no  such  intention. 
While  it  is  true  that  the  tests  quite  generally  disclosed  no 
appreciable  difference  in  strength  between  concrete  mixed 
for  three-quarters  of  a  minute  and  longer  periods  up  to 
three  minutes,  it  is  also  true  that  half-minute  mixing 
failed  to  produce  satisfactory  concrete.  It.  is  apparent, 
therefore,  that  reduction  of  the  mixing  time  to  three- 
quarters  of  a  minute  would  leave  a  very  narrow  margin 
of  safety  to  allow  for  the  normal  irregularities  of  practical 
operation. 

It  may  also  be  questioned  whether  the  pace  set  by  so 
short  a  "mixing  time  can  be  regularly  and  consistently 
maintained  bv  the  hauling  equipment  and  other  units  of 
the  construction  plant.  Weighing  the  results  of  the 
tests  against  these  considerations  it  was  the  intention  to 
suggest  in  a  final  paragraph  the  adoption  of  a  mixing 
time  of  one  minute  as  the  minimum  time  desirable  in 
practical  operation. 

The  omitted  paragraph  is  as  follows: 

As  three-quarter  minute  mixing  provides  an  insufficient 
factor  of  safety  for  practical  operations,  and  as  it  is  doubt- 
ful whether  construction  processes  other  than  the  mixing 
operation  itself  can  be  speeded  up  sufficiently  to  take 
advantage  of  the  marginal  time  fraction,  it  is  recom- 
mended that  a  mixing  time  of  one  minute  be  adopted  as 
the  minimum  consistent  with  assurance  of  reasonable 
uniformity  and  adequate  strength  of  the  concrete.  The 
evidence  is  strong  that  thoroughly  satisfactory  concrete  can 
be  produced  by  (21E  and  27E)  pavers  in  good  condition 
with  a  one-minute  mixing  period. 

The  editor  regrets  the  omission. 


The  deflection  of  this  spring  is  a  measure  of  the  decele- 
ration. The  coil-spring  deflection  is  recorded  upon 
silicated  paper  by  a  brass  stylus  mounted  upon  the 
accelerometer  plunger. 

In  order  to  measure  the  permanent  deformation 
produced  in  bituminous  pavements  by  the  impact 
machine,  a  crude  but  very  satisfactory  profilometer 
was  devised.  It  consisted  of  a  straight  piece  of  wood 
about  2  feet  long  by  3  inches  wide,  upon  which  apiece 

of  silicated  paper  was  fas- 
tened with  thumb  tacks. 
Through  the  spot  to  be 
tested  a  line  was  drawn 
upon  the  pavement  per- 
pendicular to  the  plane  of 
the  wheel  of  the  impact 
machine  and  broad-head 
nails  were  then  driven  into 
the  pavement  on  this  line 
and  so  spaced  as  to  come 
under  each  end  of  the  pro- 
file board,  supporting  it  in 
a  level  position.  The  orig- 
inal profile  was  then  re- 
corded upon  the  silicated 
paper  by  means  of  a  piece 
of  stiff  copper  wire  which 
was  so  bent  that  when  it 
was  held  vertically  with 
one  end  of  the  wire  upon 
the  line  drawn  upon  the 
pavement  the  other  end 
would  make  a  mark  upon 
the  paper.  The  section 
was  then  tested,  and  after 
the  testing  machine  had 
been  moved  away  the  de- 
formed surface  of  the  pave- 
ment was  also  recorded 
upon  the  profile  board. 
The  presence  of  both  the 
original  and  final  profiles 
upon  the  same  piece  of 
paper  made  it  possible  to 
determine  how  much  and 
in  what  manner  the  pave- 
ment had  deformed. 

In  addition  to  the  regu- 
lar impact-machine  tests 
made  with  the  apparatus, 
described  in  the  foregoing, 
some  supplementary  mo- 
tor-truck impact  tests  were  also  conducted.  The 
apparatus  or  equipment  used  in  these  tests,  as  well 
as  the  manner  in  which  the  tests  were  made  and  the 
data  secured,  are  discussed  in  the  latter  part  of  this 
report. 

UNIFORM  PROCEDURE  ADOPTED  FOR  ALL  TESTS 

It  was  desired  to  develop  for  each  type  of  pavement 
tested  a  characteristic  curve  showing  the  relation 
between  the  height  of  the  drop  of  the  wheel  and  the 
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Table   1. —  Type  and  location  of  pavements  tested 


Tj  pe 

No. 


Num- 
ber of 
points 


1' 


9(; 


Description  of  type 


2-inch  Topeka;  6-inch  1:3:7  concrete  base — 

2-inch  bituminous  concrete  (District  of  Columbia  specification);  6-inch  1:3:' 

3-inch  combined  sheet  asphalt  and  binder;  6-inch  1:3:7  concrete  base 

3-inch  combined  sheet  asphalt  and  binder;  7-inch  1:3:6  concrete  base  

1-inch  sheet  asphalt;  surface-treated  waterbound  macadam  base . 

Surface-treated  waterbound  macadam 

6-inch  1:2:4  concrete - 

do --- - 


concrete  base. 


.do. 
.do. 
.do. 
.do. 
.do. 


Name  and  location 


6-inch  1:2:3  concrete. 
.do. 


7-inch  1:2:4  concrete. 
7-inch  1:2:3  concrete- 
s'inch  1:2:3  concrete . 
.do. 


10-ineh  1:2:3  concrete 

2M-inch  brick;  %-inch  sand  cushion;  6-ineh  l :  lj^:3  concrete  base , 

2J-£-inch  brick;  54-inch  1  :4  sand-cement  cushion;  6-inch  1 :  l]4  :3  concrete  base. 

4-inch  brick;  i^-inch  sand  cushion;  6-inch  1  :  \]/^  :3  concrete  base 

4-inch  brick;  %-inch  1 :  4  sand-cement  cushion;  6-inch  l:  V/i  :3  concrete  base.. 


Connecticut  Avenue,  Chew  Chase,  Md. 

Do. 
Connecticut  Avenue,  District  of  Columbia. 

Do. 
Chevy  Chase  Circle,  District  of  Columbia. 
Georgetown-Alexandria  Road,  Arlington  County,  Va. 
Woodbine  Street,  Chevy  Chase,  Md. 
Williams  Lane,  Chevy  Chase,  Md. 
East  Underwood  Street,  Chevy  Chase,  Md. 
Thornapple  Street,  Chevy  Chase,  Md. 
Northampton  Street,  District  of  Columbia. 
Chevy  Chase  Parkway,  District  of  Columbia. 
Nebraska  Avenue,  District  of  Columbia. 
Columbia  Pike,  Arlington  County,  Va. 
Test  road.  Arlington  Experiment  Station,  Virginia. 
Connecticut  Avenue,  District  of  Columbia. 
Columbia  Pike,  Arlington  County,  Va. 

Do. 
Test  road,  Arlington  Experiment  Station,  Virginia. 

Do. 
Circular  test  track,  Arlington  Experiment  Station,  Virginia. 

Do. 

Do. 

Do. 


Showing  Details  of   Impact  Machine,  But   Without 
Special  Equipment  Used  in  These  Tests 

total  impact  reaction  developed  between  the  wheel  and 
the  pavement.  It  was  decided  to  define  "height  of 
drop"  as  the  distance  through  which  the  wheel  dropped 
from  the  moment  it  was  tripped  off  the  cams  until  its 
rubber  tire  first  came  in  contact  with  the  pavement 
surface. 

In  accordance  with  this  definition,  the  following 
technique  was  employed  for  testing  bituminous-topped 
pavements.  The  impact  machine  was  first  leveled 
carefully  so  that  the  plunger  would  be  truly  vertical, 
ami  then  the  plunger  was  raised  on  the  cams  until  it 
was  just  at  the  point  of  trip-off.  A  deflection  of  1 
inch  was  then  produced  in  the  truck  spring  of  the 
impact  machine,  and  this  deflection  exerted  a  pressure 
of  1,500  pounds  upon  the  plunger.  The  entire  frame 
of  the  impact  machine,  carrying  with  it  the  cams 
upon  which  the  plunger  still  rested  in  trip-off  posi- 
tion, was  next  lowered  (by  means  of  four  screws  at  its 
corners)  until  the  tires  on  the  wheel  just  made  con- 
tact with  the  pavement  surface.  This  condition  was 
called  "contact."  The  relative  position  of  the  plunger 
and  impact-machine  frame  was  then  determined  by 
careful  measurement. 


All  of  these  operations  were  carried  out  with  the 
plunger  supported  upon  the  cams  at  trip-off  position, 
the  wheel  not  being  permitted  to  rest  upon  the  pave- 
ment until  the  first  impact  was  delivered  and  then 
for  only  as  brief  periods  as  possible. 

The  impact  machine  and  of  course  its  cams,  with 
the  plunger  still  resting  upon  them  in  trip-off  position, 
was  next  raised  to  the  first  height  of  drop — i.  e.,  one- 
third  inch.  In  order  that  the  truck  spring  always  be 
deflected  1  inch  at  the  instant  the  wheel  came  in  contact 
with  the  pavement,  regardless  of  the  height  of  drop, 
it  was  necessary  that  the  ends  of  the  spring  and  the 
surface  of  the  pavement  bear  a  fixed  relation  to  each 
other.  However,  since  the  ends  of  the  spring  are  con- 
nected to  the  frame  of  the  impact  machine,  every  time 
the  frame  was  raised  it  was  necessary  to  adjust  down- 
ward the  ends  of  the  spring  by  an  amount  equal  to  the 
change  in  elevation  of  the  frame,  so  as  to  maintain  this 
fixed  relation. 

Having  completed  the  setting  of  the  machine  for  the 
one-third  inch  height  of  drop,  the  pavement  was  struck 
three  blows  from  this  height,  an  accelerometer  record  be- 
ing obtained  for  each  blow.  The  new  relative  position 
of  the  plunger  and  frame  at  contact  was  then  determined. 
The  difference  between  this  position  and  that  formerly 
recorded  represented  the  depth  of  any  permanent  defor- 
mation which  had  occurred  in  the  pavement  surface. 

In.  preparing  for  the  second  height  of  drop  (two- thirds 
inch)  the  machine  was  raised  an  additional  third  of  an 
inch  by  means  of  the  corner  screws  and  the  spring  ad- 
justment compensated  for  the  increased  height  of  drop. 
Then  the  machine  was  lowered  by  means  of  the  corner 
screws  an  amount  exactly  equal  to  the  permanent  pave- 
ment deformation.  This  compensation  was  usually 
small  and  seldom  amounted  to  more  than  0.04  inch  for 
three  blows,  even  at  the  maximum  height  of  drop  em- 
ployed, \%  inches.  For  subsequent  heights  of  drop  the 
procedure  was  exactly  the  same  as  that  just  described. 

Upon  rigid  pavements  without  bituminous  surfacing 
the  procedure  was  similar  to  that  just  described,  except 
that  no  compensation  was  made  for  permanent  pave- 
ment deformation. 
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DATA  ANALYZED  TO  GIVE  RELATION  BETWEEN  HEIGHT  OF  DROP 
AND  IMPACT  REACTION 

In  preparing  the  following  data  the  accelerometer 
records  were  first  accurately  measured.  These  readings 
were  then  multiplied  by  the  calibration  constant  of  the 
accelerometer,  2,514  feet  per  second2  per  inch  of 
record,  to  obtain  the  deceleration  which,  when  multi- 
plied by  the  mass  of  the  wheel-plunger  combination, 

Kj-q  ,  gave  the  impact  force  due  to  the  striking  mass. 

To  this  was  added  the  weight  of  the  plunger,  1,646 
pounds,  and  the  residual  spring  pressure  at  the  moment 
of  maximum  impact  and  resulting  maximum  tire 
deflection. 

The  foregoing  operation  may  be  expressed  by  the 
formula 

F=M{a  +  g)  +  P 
where 

F=  total  impact  force. 

if  =  mass  of  the  wheel-plunger  combination. 

a  =  deceleration  recorded  by  the  accelerometer. 

g  =  acceleration  due  to  gravity. 

P  =  residual  spring  pressure. 
In  evaluating  P  for  the  different  heights  of  drop  a 
curve  (fig.  1)  was  obtained  experimentally  between 
height  of  drop  and  tire  deflection.  The  recorded  tire 
deflections  deducted  from  the  1-inch  spring  deflection 
at  contact  gave  the  residual  spring  deflection.  The 
pressure  corresponding  to  this  residual  spring  deflection 
was  secured  from  static  load-deflection  data  for  the 
same  spring  and  plotted  against  height  of  drop.     This 


1  CURVE  OF  RESIDUAL  SPRING  OEFLECTlON  (ONE  INCH  SPRING  DEFLECTION 
LESS  LOSS  IN   SPRING  OEFLECTlON  DUE  TO  TIRE  DEFLECTION) 

2  TIRE  DEFLECTION  CURVE 


20 


— ■— <l 

--  " 

2        -.v— 


CURVE  OF  RESIDUAL  SPRING  PRESSURE 


1200 


66 


133 


166 


HEI6HT0F  DROP  ABOVE  CONTACT  POSITION -INCHES 

Fig.  1. — Curves   Developed  in   Evaluating  P 


Showing  Details  of  Accelerometer  Mounted  on 
Truck.  This  Picture  was  Taken  in  Connection 
with  Another  Investigation 

curve  was  used  in  evaluating  P.     Table  2   shows   a 
tabulation  of  all  of  the  data  collected. 

CHECK  TESTS  INDICATE  A  SATISFACTORY  DEGREE  OF  ACCURACY 

At  the  beginning  of  the  tests  it  was  realized  that  the 
data  would  be  worthless  unless  the  settings  of  the 
machine  could  be  so  controlled  as  to  be  able  to  duplicate 
impact  phenomena  at  a  given  test  section  for  successive 
set  ups.  Accordingly,  as  a  preliminary  step,  the 
machine  was  set  up  over  a  trial  section  of  concrete  at 
the  Arlington  Experiment  Station  and  impact  forces 
produced  and  measured  for  each  height  of  drop.  The 
machine  was  then  replaced  upon  its  chassis,  towed 
away  a  few  feet,  and  then  moved  back  to  the  trial 
section  and  the  test  data  redetermined.  It  was  found 
for  the  same  section  that  the  impacts  produced  by  the 
machine  for  identical  settings  could  be  duplicated  and 
measured  with  a  satisfactory  degree  of  consistency. 

Throughout  the  tests  numerous  check  determinations 
were  made,  and  near  the  end  of  the  experiment  the 
machine  was  brought  back  to  the  Arlington  Experiment 
Station  and  a  check  test  made  upon  the  trial  section 
referred  to  above.  A  close  check  was  obtained,  indi- 
cating that  the  performance  of  neither  the  machine  nor 
the  accelerometer  had  changed  during  the  three 
months'  period  of  testing. 

A  study  of  the  data  obtained  shows  that  the  indi- 
vidual tests  are  to  be  regarded  as  very  satisfactory.     A 
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plotting  of  any  of  the  tabulated  impact  reactions  against 
corresponding  heights  of  drop  will  give  smooth,  con- 
sistent curves. 

A  general  idea  of  the  scope  of  the  experiment  may 
he  had  by  referring  to  Figure  2,  which  shows  the 
characteristic  curve  for  each  type  tested.  This  dia- 
gram is  much  too  confusing  to  be  of  use  in  drawing 
conclusions.  It  was  considerably  simplified  by  aver- 
aging into  one  curve  all  values  for  similar  types  whose 
maximum  reactions   lay   within  a  zone  1,000  pounds 

Table  2. — Tabulation  of  impact  reactions  expressed  in  thousand 
pounds 

TYPE  1— 2-INCH  TOPEKA;  6-INCH  1:3:7  CONCRETE  BASE, 
CONNECTICUT  AVENUE,  MARYLAND 


Table  2. — Tabulation  of  impact  reactions  expressed  in  thousand 
pounds — Continued 

TYPE  7—  6-INCH  1:2:4  CONCRETE 


Height 
of  drop 
(inches) 

Test  No. 

Av- 
er- 

1 

2 

3 

4 

5 

6 

7 

8 

12.1 
18.7 
24.9 
30.6 
36.1 

9 

10 
11.4 

Is   II 

23.5 
30.2 
35.8 

11 

12 

age 

for 

type 

0.33 
.66 
1.00 

1.33 
1.  66 

11.7 
16.6 
23.2 
28.8 
33.3 

11.9 
18.1 
24.1 
28.9 
34.7 

11.0 
17.7 
23.  5 
30.3 
35.3 

10.7 
15.8 
22.9 
27.1 
31.8 

11.0 
15.8 
23.8 
26.7 
32.4 

12.4 
18.9 
25.3 
31.7 
37.2 

11.3 
18.2 
23.5 
30.0 
35.2 

12.0 
18.1 
24.3 
30.8 
35.  9 

12.3 
18.2 
24.3 
29.9 
35.8 

11.7 
17.5 
23.5 

2i ;  s 

33.2 

11.6 

17.6 
23.9 
29.3 
34.7 

TYPE  2  —2-INCH  BITUMINOUS  CONCRETE  (DISTRICT  OF  COLUMBIA 
SPECIFICATION);  6-INCH  1:3:7  CONCRETE  BASE,  CONNECTICUT 
AVENUE,  MARYLAND 


0.33 

10.2 

11.3 

11.  1 

12.5 

12.4    11.5 

10.1 

11.0    11.5    11.8 

12.3 

11.6 

11.5 

.66 

16.2 

18.3 

19.0 

18.7 

18.2    16.8 

15.3 

16.  4    19.  1 

18.7 

18.8 

18.0 

17-  «. 

1.00 

22.6 

24.0 

25.1 

25.4 

24.  7.  23. 1 

21.4 

21.6 

25.3 

24.6 

25.1 

24.9 

24.0 

1.33 

29.4 

30.2 

32.1 

32.1 

30.  4'  29.7 

27.0 

25.7 

31.5 

30.7 

31.5 

32.1 

30.2 

1.66 

33.7 

35.6 

37.1 

37.6 

35.9,  34.3 

31.6 

31.2 

37.5 

36.2 

37.1 

37.8 

35.5 

TYPE  3.— 3-INCH  COMBINED  SHEET  ASPHALT  AND  BINDER;  6-INCH 
1:3:7  CONCRETE  BASE,  CONNECTICUT  AVENUE,  DISTRICT  OF 
COLUMBIA 


0.33 
.66 
1. 00 
1.33 
1.66 


11.7 
18.7 
25.1 
32.2 
38.9 


11.9 
18.8 
25.8 
31.8 
38.1 


13.0 
18.9 
26.  1 
31.6 
38.1 


12.5 
20.9 
27.0 
34.1 
40.  7 


12.6 
19.5 
25.7 
32.1 
38.5 


11.  1 
16.9 
22.9 
29.1 
34.8 


12.1 
19.0 
2:..  1 
31.8 
38.2 


TYPE  4—  3-INCH  COMBINED  SHEET  ASPHALT  AND  BINDER;  7-INCH 
1:3:6  CONCRETE  BASE,  CONNECTICUT  AVENUE,  DISTRICT  OF 
COLUMBIA 


0.33 

12.8      13.2 
19.  8     20.  6 
27.  0     27.  4 
33.  7      33.  7 
40.  5     40. 1 

13.0 
20.0 
26.5 
33.6 

40.1 

12.6 
19.2 
26.7 
34.0 
40.3 

12.9 
20.6 

13.2 

1 

13.0 

.  66 

20.4 

20.  1 

1. 00 

27.9 
34.4 
41.1 

27.  8  —    . 

27.2 

1.33 

35.Q 

34.  1 

1.66 

42.3 

40.7 

TYPE  5.— 1-INCH  SHEET  ASPHALT  ON  SURFACE-TREATED,  WATER- 
BOUND  MACADAM  BASE,  CHEVY  CHASE  CIRCLE,  DISTRICT  OF 
COLUMBIA 


0. 33 

9.2 
14.1 
20.7! 
24.  31 
28.2, 

9.6 
12.8 
17.5 
21.7 
26.9 

10.1 
14.9 
19.4 
25.4 
29.8 

I 

9  6 

.66 

13.9 

1.00 

19  2 

1.33 



23  8 

1.66 

28.3 

TYPE  6.-SURFACE-TREATED,  WATERBOUND  MACADAM,  GEORGE- 
TOWN-ALEXANDRIA  ROAD,  ARLINGTON  COUNTY,  VA. 


0.33 

11.4 
16.  7 
21.9 
26.  6 
31.7 

11.1 
18.0 
22.9 
28.  9 
33.  6 

12.0 
17.6 

! 

11  8 

.66 

17  4 

1.00 

23.1) 
29.2 
34.  4 

22  6 

1.33 

28  2 

1.66 

33.2 

Height, 
of  drop 
(inches,) 


0.33 
.66 
1.00 
1.33 
1.66 


Test  No. 


Woodbine  Street, 
Maryland 


11.8 

9.2 

17.6 

17.0 

23.8 

22.7 

30.1 

28.7 

36.4 

34.9 

11.3 

17.2 

24 

30.3 

37.3 


Williams  Lane, 
Maryland 


11.1 

10.2 

18.1 

17.2 

25.0 

24.8 

31.7 

32.1 

38.1 

38.4 

11.8 

18.0 
24. 
31.6 
38.3 


Under- 
wood 
Street, 
Mary- 
land 


11. 

4 

17. 

9 

24 

s 

31 

.ri 

37 

5 

11.3 
17.9 
23.9 
30.1 
35.5 


Thornapple 

Street, 
Maryland 


10.8 

10.8 

18.4 

18.0 

24.2 

24.8 

29.4 

32.0 

35.8 

39.1 

11.9 
19.2 
24.6 
33.1 
38.5 


Av- 
er- 
age 
for 

type 


0.33 
.66 
1.00 
1.33 
1.66 


Northamp-   ch^plrk. 

ton  Street,  w.iy> 


District  of 
Columbia 


District  of 
i  lolumbia 


12.9 

20.3 
26.5 
33.3 
38.7 


12.4 
19.8 
26.3 
33.3 
38.6 


13.1 

19.8 

26.1 

33.  7 

39.4 

13.6 
20.1 
26.6 
33.6 
39.8 


Nebraska 
Avenue, 
District  of 
Columbia 


13.2 
19.4 
27.0 
32.4 
38.8 


13.6 
20.7 
26.8 
32.7 
39.4 


11.8 
18.7 
25.1 
31.7 
38.0 


TYPE  8.— 6-INCH  1:2:3  CONCRETE 


Columbia  Pike, 
Virginia 

Test  road,  Arlington  Experi- 
ment Station,  Virginia 

0  33     12.0 

12.8 
19.5 
26.7 
34.3 
41.8 

12.2 
18.8 
26.8 
35.2 
42.1 

11.8 
18.7 
26.4 
32.1 
39.9 

12.9 
19.6 
26.7 
33.1 
39.1 

13.1 
19.4 
25.6 
31.1 
38.5 

13.7  12.4 
20.31  20.8 
27.  0.  28. 1 
34.4!  35.6 

40.8  41.6 

12.4 

20.7 
27.8 
34.8 
40.8 

12.6 

.66      19.7 
1.  00     25.  8 
1.  33      34.  2 
1.  66      40.  6 

..... 

—  - 

..... 

19.  7 
26.8 
33.9 
40.6 

TYPE    9— 7-INCH    1:2:4    CONCRETE,    CONNECTICUT    AVENUE, 
DISTRICT   OF   COLUMBIA 


0.33 

14.3 
20.3 
27.3 
33.2 
39.9 

13.2! 

13.7 

.66 

20.  7    . 

20.5. 

1.00 

27.0 

27.  1 

1.33 

35.6 

34.4 

1.66 

40.  81.. . 

40.  S 

TYPE  10— 7-INCH  1:2:3  CONCRETE,  COLUMBIA  PIKE,  VIRGINIA 


0.33 

12.  8      13.  1 
19.  8      18.  9 
25.9      27.3 

12.2 
19.1 
26.7 
35.0 

41.  1 

11.8 
19.4 
26.5 
33.9 
40.8 

12.  5- 

.66 

19.3. 

1.00 

26.6 

1.33!    32.9]    35.3 

34.  3. 

1. 66      41. 5l     41. 

41.  1 

TYPE  11—  8-INCH   1:2:3   CONCRETE 


Test  road,  Arlington  Experiment  Sta- 
tion, Virginia 


TYPE   12.— 10-INCH  1:2:3   CONCRETE,   TEST   ROAD,   ARLINGTON    EX- 
PERIMENT STATION,  VIRGINIA 


0.33 

10.2 
18.9 
26.8 
32.7 
40.8 

13.2 
20.4 
27.3 
34.3 
40.5 

12.9 
19.6 
27.5 
33.8 
41.5 

13.0 
20.4 
27.2 
33.8 
40.8 

12.9 
19.4 
27.8 
34.8 
42.5 

13.1 
20.5 
28.0 
35.6 
42.2 

12.  5- 

.66 

19.9 

1.00 

27.4- 

1.33 

34.2- 

1.66 

41.4- 
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Table  2. — Tabulation  of  impact  reactions  expressed  in  thousand 
pounds — Continued 

TYPE  13.— 2H-BRICK  ON  ^-INCH  SAND  CUSHION;  6-INCH  VV  2:i- 
CONCRETE  BASE,  CIRCULAR  TEST  TRACK,  ARLINGTON  EXPERL 
MENT  STATION,  VIRGINIA 


Height 

Test  No. 

Av- 

of  drop 

(inches) 

1 

2 

3 

4 

5 

6 

, 

8 

9 

10 

11 

12 

age 
for 

type 

0.33 

11.2 
18.3 
26.9 
31.9 
39.3 

12.9 
19.5 
26.9 
34.4 

41.1 

12.0 
19.4 
27.0 
31.0 
40.1 

11.6 
19.5 
26.2 
33.3 
40.1 

11  9 

.66 

19  2 

1.00 

26  7 

1.33 

32  6 

1.66 

40  1 

TYPE  14.-2J2-INCH  BRICK  ON  ^-INCH  1:4  SAND-CEMENT  CUSHION; 
6-INCH  1:1^:3  CONCRETE  BASE,  CIRCULAR  TEST  TRACK,  ARLING- 
TON  EXPERIMENT   STATION,   VIRGINIA 


0.33 

12.0 
19.9 
26.2 
33.7 
40.5 

12.9 
20.9 
27.1 
34.8 
41.2 

11.9 
19.4 
26.1 
33.0 
40.2 

12  3 

.66 

20  1 

1.00 

26  5 

1.33 

33.8 
40.6 

1.66 

TYPE  15.-4-INCH  BRICK  ON  H-INCTL  SAND  CUSHION;  6-INCH  11U3 
CONCRETE  BASE,  CIRCULAR  TEST  TRACK,  ARLINGTON  EXPERI- 
MENT  STATION,  VIRGINIA 


0.33 

10.9 
17.7 
24.9 
31.2 
38.2 

11.1 
19.1 
26.0 
32.5 
39.5 

8.8 
16.5 
23.4 
30.7 
38.1 

9  9 

.66 

17  8 

1.00 

24  8 
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TYPE  16—  4-INCH  BRICK  ON  M-INCH  1:4  SAND-CEMENT  CUSHION 
6-INCH  1:1^:3  CONCRETE  BASE,  CIRCULAR  TEST  TRACK,  ARLING- 
TON EXPERIMENT  STATION,  VIRGINIA 
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wide  (in  the  case  of  brick  sections  this  zone  was  2,000 
pounds  wide),  the  values  for  each  height  of  drop  being 
averaged  and  the  average  curve  drawn  through  these 
points.  The  simplified  curves  are  shown  in  Figure  3 
and  will  be  used  later  in  making  certain  comparisons. 

In  order  to  still  further  clarify  the  presentation  of  the 
data,  special  limited  groupings  of  types  directly  com- 
parable are  made  for  purposes  of  study.  These  will  be 
found  in  Figures  4,  5,  8,  9,  and  13. 

BITUMINOUS  PAVEMENTS  ON   NONRIGID  BASES  SHOW  CUSHION- 
ING  PROPERTIES 

In  considering  the  data,  certain  questions  naturally 
arose,  and  these  have  been  set  forth  below,  the  per- 
tinent data  discussed,  and,  wherever  possible,  con- 
clusions drawn. 

1.  Are  bituminous-surfaced  types  (sheet  asphalt, 
Topeka,  bituminous  concrete,  etc.,  laid  upon  rigid  or 
nonrigid  bases)  capable  of  cushioning  or  absorbing  the 
shock  of  impact  forces?  Referring  to  either  Figure  2 
or  3,  it  is  indicated  that  surf  ace- treated  and  partially 
penetrated  water-bound  macadam  bases  are  distinctly 
cushioning  to  motor-truck  impact,  since  for  identical 
impact  conditions  these  types  offer  reactions  which  are 
appreciably  lower  than  those  obtained  for  the  rigid 
types. 

A  marked  tendency  for  the  pavement  to  deflect  over 
a  considerable  area  and  then  spring  back  was  observed 
in  the  case  of  both  of  the  nonrigid  types  tested.     This 
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— 2-inch  Topeka;  6-inch  1:3:7  concrete  base. 

— 2-inch  bituminous  concrete,  District  of  Columbia  specifica- 
tion ;  6-inch  1:3:7  concrete  base. 

— 3-inch  combined  sheet  asphalt  and  binder;  6-inch  1:3:7 
concrete  base. 

— 3-inch  combined  sheet  asphalt  and  binder;  7-inch  1:3:6 
concrete  base.  \ 

— 1-inch  sheet  asphalt;  surface-treated  water  bound  macadam 
base. 

— Surface-treated  water  bound  macadam. 


— 6-inch  1:2:4  concrete. 

— 6- inch  1:2:3  concrete. 

— 7-inch  1:2:4  concrete. 

— 7-inch  1:2:3  concrete. 

— 8-inch  1:2:3  concrete. 

— 10-inch  1:2:3  concrete. 

— -2J/£-inch  brick ;  %-inch  sand  cushion;  6- inch  1  :  1^  :  3  con- 
crete base. 

— 2i^-inch  brick  ;  %-inch  sand -cement  cushion  ;  6-inch  1  :  1^:  3 
concrete  base. 

—4- inch  brick;  %-inch  sand  cushion;  6-  inch  1  : 1 J^  :  3  concrete 
base. 

—4-inch  brick;  %-inch  sand-cement  cushion;  6- inch  1  :  1)4'-  3 
concrete  base. 

2. — -Characteristic  Curves  for  Each  Type  of  Pave- 
ment Tested 


deflection  amounted  to  at  least  one-half  inch  directly 
under  the  impact  wheel  and  was  noticeable  even  at  a  dis- 
tance of  2  or  3  feet  from  the  center  of  impact.  The  de- 
flected area  seemed  to  resume  its  original  position  after 
removal  of  the  load  except  at  the  point  where  the  impact 
wheel  had  struck;  here  it  was  permanently  deformed. 
In  the  case  of  the  rigid  types,  however,  the  deflections 
were  obviously  very  small,  so  small,  indeed,  as  not  to 
be  apparent  to  the  eye,  although  they  could  be  felt. 
The  lowering  of  impact  reactions  in  the  case  of  the 
nonrigid  types  is  attributed  to  this  characteristic, 
which  leaves  the  observer  with  the  same  impression  he 
acquired  when  he  had  learned  to  ease  the  shock  of  a 
hard-thrown  ball  by  moving  his  hands  in  the  direction 
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1   and    2. — 2-inch    Topeka    and    2-inch    bituminous    concrete; 
6-inch  1:3:7  concrete  base. 
3. — 3-inch  combined  sheet  asphalt  and  binder;  6-inch 

1:3:7  concrete  base. 
4. — 3-inch  combined  sheet  asphalt  and  binder;  7-inch 

1:3:6  concrete  base. 
5. — 1-inch   sheet  asphalt;    surface-treated   water-bound 

macadam  base. 
6. — Surface-treated  water-bound  macadam. 
7. — 6-inch  1:2:4  concrete. 
8  to  12.— 6,  7,  8,  and  10  inch  1:2:  3  concrete;  7-inch  1:2:4 

concrete. 
13  to  16. — 2^  and  4  inch  brick  on  sand  and  sand-cement  cush- 
ion ;  6-inch  1:1^:3  concrete  base. 

Fig.  3. — Simplified  Characteristic  Curves  Derived  by 
Grouping  into  One  Curve  All  Curves,  for  Similar 
Types,  Whose  Maximum  Reactions  Lay  Within  a  Zone 
1,000  Pounds  Wide,  Except  for  Brick  Sections  Where 
the  Zone   was  2,000  Pounds  Wide 

of  the  ball's  motion  at  the  instant  of  impact  rather  than 
to  depend  entirely  upon  the  cushioning  properties  of 
the  padding  in  his  glove — the  impression  that  cush- 
ioning is  dependent  upon  relatively  large  deflections. 
Attention  was  called  to  this  in  a  previous  article  in 
Public  Roads.4 

Barring  the  flexible  types  which  have  just  been  dis- 
cussed and  considering  only  the  rigid  types  of  bitumi- 
nous-surfaced pavements,  it  is  not  as  easy  to  arrive  at 
definite  conclusions  as  it  was  in  the  former  case.  Re- 
ferring to  Figure  3,  it  will  be  seen  that  2-inch  Topeka 
and  bituminous  concrete  laid  on  6-inch  1:3:7  concrete 
base,  3-inch  sheet  asphalt  and  binder  on  6-inch  1:3:7 
concrete  base,  and  3-inch  sheet  asphalt  and  binder  on 
7-inch  1:3:6  concrete  base,  occupy  lower,  middle,  and 
upper  positions,  respectively,  of  the  zone  covered  by 
the  rigid  types.  Figures  4  and  5  also  show  these  curves 
compared  with  closely  comparable  types. 
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1 . — 6,  8,  and  10  inch  1:2:3  concrete  and  7-inch  1:2:4  concrete. 
2. — 2-inch  combined  sheet  asphalt  and  binder;  6-inch  1:3:7 

concrete  base. 
3. — 6-inch  1:2:4  concrete. 
4. — 2-inch  Topeka   and    2-inch    bituminous    concrete;    6-inch 

1:3:7  concrete  base. 

Fig.  4. — Limited  Grouping  of  Curves  for  Comparative 
Purposes 

Whether  the  reduction  in  reaction  of  approximately 
10  per  cent  indicated  in  Figure  3  for  the  2-inch  bitu- 
minous top  on  6-inch  1 :3:7  base,  as  compared  with  the 
uncovered  concrete  pavement,  is  really  due  to  cushion- 
ing properties  of  the  top  is  open  to  considerable  doubt. 
In  the  first  place,  we  have  no  way  of  knowing  whether 
or  not  the  concrete  base  was  badly  cracked  at  or  near 
the  point  of  test.  This  pavement,  Connecticut  Avenue, 
Chevy  Chase,  Md.,  was  laid  by  the  Bureau  of  Public 
Roads  in  1912  for  experimental  purposes.  In  it  are 
concrete  sections  without  tops  laid  at  the  same  time  as 
the  bituminous-surfaced  sections  under  discussion  and 
of  the  same  thickness,  namely,  6  inches.  These  have 
no  top,  but  are  of  a  richer  mix  (1 : 1%:3)  and  have  been 
subjected  to  the  same  traffic.  These  concrete  sections 
are  badly  cracked,  and  it  is  therefore  reasonable  to 
suppose  that  the  concrete  base  under  the  2-inch  top  is 
likewise  badly  cracked.  Such  a  condition  would,  of 
course,  have  the  effect  of  lowering  the  reactions.5 

Similar  doubt  clouds  the  small  reduction  shown  by 
the  3-inch  sheet  asphalt  and  binder  laid  on  6-inch 
1:3:7  base  as  compared  with  the  uncovered  concrete 

4  Since  these  tests  were  completed,  in  the  course  of  another  investigation,  several 
cores  were  drilled  from  the  base  of  the  section  iust  described,  and  it  was  found  that 
the  base  is  badly  cracked,  although  in  general  the  alignment  of  the  base  surface  is 
well  preserved. 
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3. — 3-inch  combined  sheet  asphalt  and  binder;  7-inch  1 
concrete  base. 

9. — 7-inch  1:2:4  concrete. 
10. — 7-inch  1:2:3  concrete. 
12. — 10-inch  1:2:3  concrete. 


Fig.  5, 


-Limited  Grouping  of  Curves  for  Comparative 
Purposes 


pavement.  This  pavement  was  laid  in  1920  and 
shows  from  numerous  surface  cracks  and  sunken  spots 
evidence  of  base  cracking,  although  the  test  sections 
were  chosen  at  places  where  the  pavement  showed  a 
minimum  of  such  symptoms. 

The  3-inch  sheet  asphalt  and  binder  on  7-inch  1:3:6 
base  (fig.  5)  was,  fortunately,  a  new  pavement,  com- 
pleted about  two  weeks  before  it  was  tested.  It  shows 
no  reduction  in  reaction  whatever  as  compared  with  a 
7-inch  1:2:4  uncovered  slab,  for  example,  which 
strengthens  the  belief  that  possibly  base  cracking  was 
responsible  for  the  reductions  discussed  above. 

Due  to  the  impracticability  of  observing  the  condi- 
dition  of  the  bases  mentioned  above,  the  foregoing 
explanations  are  admittedly  not  infallible. 

In  view  of  the  foregoing  it  might  be  said  that  the 
data  support  the  conclusion  that  while  the  bituminous- 
surfaced  pavements  show,  in  general,  somewhat  lower 
reactions  for  the  same  impact  conditions  tiian  do  the 
unsurfaced  concrete  pavements,  these  differences  are 
not  consistent  and  are  of  no  greater  magnitude  than  the 
differences  found  between  the  various  unsurfaced  con- 
crete pavements  tested. 

TEMPERATURE  EFFECTS  CONSIDERED 

2.  Do  the  impact  reactions  offered  by  bituminous- 
surfaced  pavements  vary  with  changes  in  pavement 
temperature?  It  is  reasonable  to  believe  that  the 
behavior  of  bituminous-surfaced  pavements  would  be 
affected  by  temperature,  and  the  data  were  analyzed 
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Fig.  6. — Curves    Showing    Influence    of    Pavement 
Temperature  upon  Impact  Reaction 

with  this  in  mind.  Referring  to  Figure  6,  it  will  be 
seen  that  for  types  employing  a  bituminous  top  upon  a 
rigid  base  no  consistent  or  marked  change  occurs,  and 
the  question  must  be  answered  in  the  negative  for  the 
types  and  range  of  temperatures  studied.  Limited 
data  in  the  case  of  one  nonrigid  type  (1-inch  sheet 
asphalt  on  surface-treated  water-bound  macadam) 
does,  however,  show  a  consistent  indication  of  decrease 
in  reaction  with  increased  temperature,  the  impact 
reaction  being  10  per  cent  higher  at  a  pavement  tem- 
perature of  78°  F.  than  at  106°.  _ 

3.  Do  the  permanent  deformations  caused  by  succes- 
sive impact  blows  upon  a  bituminous-surfaced  pavement 
increase  as  temperatures  increase?  By  referring  to  Fig- 
ure 7  it  will  be  seen  that  for  the  types  and  temperatures 
studied  there  is  evidence  of  a  very  small  increase  in  per- 
manent deformations  for  certain  types  employing  a 
rigid  base,  but  the  evidence  is  neither  marked  nor  con- 
sistent. In  the  case  of  one  nonrigid  type  (1-inch  sheet 
asphalt  on  surface-treated  water-bound  macadam  base) 
there  is,  however,  a  marked  increase,  the  deformation 
at  106°  F.  being  four  times  as  great  as  at  78°. 

4.  Do  the  reactions  of  a  given  bituminous-surfaced 
pavement  on  rigid  base  increase  with  additional  com- 
pacting, such,  for  example,  as  would  be  occasioned  by 
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Fig.  7. — Curves  Showing  Influence  of  Pavement  Temperature  upon  Pavement  Deformation 


repeated  impact  blows  upon  the  same  spot?  On  several 
occasions  after  the  necessary  15  blows  of  increasing  inten- 
sity had  been  struck,  the  machine  was  moved  about  a 
foot  and  blows  struck  from  the  maximum  height  of  drop 
only.  The  reactions  offered  by  the  second  spot  differed 
in  no  essential  from  those  corresponding  to  maximum 
height  of  drop  for  the  first  spot.  The  question  must, 
therefore,  be  answered  in  the  negative. 

RESULTS  ON  UNCOVERED  CONCRETE  DISCUSSED 

5.  Considering  uncovered  concrete  sections  as  a 
class,  what  effect,  if  any,  does  the  thickness  have  upon 
impact  reactions?  As  the  difference  in  deflection  of  6, 
8,  and  10  inch  pavement  slabs  under  a  given  load  is 
relatively  small,  one  would  not  expect  material  varia- 
tions  in  reaction  for  concrete  pavements  within  this 
range,  and  the  data  indicate  this  to  be  true.  Referring 
to  Figure  8,  it  will  be  noticed  that  all  save  one  of  the 
characteristic  curves  of  uncovered  concrete  types  are 
bunched,  the  only  one  showing  a  significant  difference 
being  the  0-inch  1:2:4  type.  The  fact  that  this  one 
type  does  not  line  up  with  the  others  leads  one  to  the 
belief  that  one  can  expect  as  great  differences  to  exist 
between  the  uncovered  types  as  is  to  be  found  when 
comparing  the  covered  and  uncovered  types. 


BRICK  PAVEMENTS  SHOW  ONLY  SLIGHT  CUSHIONING 

6.  Do  brick  pavements,  consisting  of  a  concrete  base, 
either  a  sand  or  sand-cement  cushion,  and  a  vitrified 
brick  w-earing  surface  exhibit  any  cushioning  or  shock- 
absorbing  properties?  In  Figure  3  it  will  be  seen  that 
the  characteristic  curve  for  such  types  occupies  a 
position  corresponding  closely  to  that  of  the  average  of 
all  uncovered  concrete  sections.  It  seems,  therefore, 
that  this  type  of  pavement  does  not  exhibit  cushioning 
properties  to  any  significant  extent. 

Referring  to  Figure  9,  it  will  be  seen  that,  for  a 
given  thickness  of  brick,  sand  and  sand-cement  cush- 
ions yield  about  the  same  reactions,  but  that  there  is 
some  indication  that  the  23^-inch  brick  sections  give 
rise  to  somewhat  higher  impact  reactions  that  do  the 
4-inch  sections.  The  difference  is  small,  however,  and 
is  not  thought  to  be  particularly  significant  in  view  of 
the  limited  number  of  tests  made. 

The  fact  that  there  appears  to  be  little  difference  in 
the  reactions  for  brick  surfaces  laid  on  the  two  types 
of  bedding  material  is,  however,  of  considerable  interest 
in  view  of  the  recent  accelerated  traffic  tests  on  the 
same  sections,  in  which  it  was  found  that  there  was 
about  twuce  as  much  breakage  where  bricks  rested  on 
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2  :  4  concrete. 
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2  :  3  concrete. 


12. — 10-inch  1:2:3  concrete. 


Fig.  8. 
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sand-cement  cushions  as  when  they  rested  upon  sand 
cushions.6 

SUMMARY  OF  CONCLUSIONS 

1.  For  the  limited  data  in  hand  it  is  indicated  that 
bituminous  pavements  of  the  nonrigid  type,  such  as 
surface-treated  waterbound  macadam,  may  substan- 
tially cushion  the  effect  of  impact  forces. 

2.  Bituminous-surfaced  pavements,  such  as  sheet 
asphalt,  Topeka,  etc.,  laid  upon  concrete  bases  show, 
in  general,  some  indications  of  cushioning  impact  forces, 
but  the  magnitude  of  this  cushioning  effect  appears  to 
be  relatively  small,  and  in  some  cases  there  is  consid- 
erable doubt  as  to  its  actual  existence.  It  should  also 
be  pointed  out  that  the  differences  observed  between 
reactions  for  the  bituminous-surfaced  pavements  and 
those  for  the  unsurfaced  ones  are  no  greater  than  the 
differences  found  to  exist  between  reactions  for  the 
various  sections  of  unsurfaced  concrete  pavement. 

3.  In  general,  the  impact  reactions  of  bituminous- 
surfaced  pavements  on  rigid  bases  fail  to  show  any 
marked  or  consistent  change  with  changes  in  pavement 
temperatures  up  to  106°  F.  However,  in  the  case  of 
one  nonrigid  type  of  bituminous  pavement  (1-inch  sheet 
asphalt  on  waterbound  macadam  base)  a  consistent 
substantial  decrease  in  reaction  with  increased  tem- 
peratures was  noted. 
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9  Pauls,  J.  T.,  and  Teller,  L.  W.,  Thin  Brick  Pavements  Studied,  Public  Roads, 
vol.  7,  No.  7,  September,  1926. 


HEIGHT  OF  DROP -INCHES 
Fig.  9. — Limited  Grouping  of  Curves  for  Brick   Sec- 
tions for  Comparative    Purposes.      All  Brick  Laid 
Upon  6-inch  1  :  \%  :  3  Concrete 

4.  The  data  regarding  the  permanent  deformation 
due  to  successive  impact  forces  upon  bituminous-sur- 
faced pavements  on  rigid  bases  show  only  a  small  and 
not  very  consistent  tendency  to  increase  with  increas- 
ing temperatures  up  to  106°  F.  The  limited  tests  of 
nonrigid  types,  however,  show  a  marked  tendency  for 
these  types  to  suffer  greater  permanent  deformations 
as  the  pavement  temperatures  increase. 

5.  The  impact  reactions  of  bituminous-surfaced  pave- 
ments on  rigid  bases  show  no  tendency  to  increase  as 
the  section  becomes  more  compact,  due  to  repeated 
impact  blows. 

6.  Within  the  range  of  thicknesses  studied,  impact 
reactions  of  uncovered  concrete  pavements  do  not  ap- 
pear to  be  affected  materially  or  consistently  by  varia- 
tions of  slab  thickness. 

7.  Brick  types  in  which  the  brick  wearing  surface  was 
bituminous  filled  and  rested  upon  a  sand  or  sand- 
cement  bedding  course  on  a  concrete  base  show  no 
marked  tendency  to  cushion  impact  forces. 

8.  The  reactions  of  brick  types  employing  plain  sand 
bedding  courses  are  practically  the  same  as  those  of 
types  employing  sand-cement  bedding. 

RESULTS   WITH   IMPACT   MACHINE    CONFIRMED    BY   TESTS   WITH 
MOTOR  TRUCK  EQUIPPED  WITH  ACCELEROMETER 

It  was  thought  advisable  to  conduct  the  mam  tests 
with  the  impact  machine  and  to  supplement  them  with 
tests  using  actual  motor-truck  impacts.  It  was  recog- 
nized that  impacts  could  be  much  more  closely  con- 
trolled with  the  impact  machine,  but  data  obtained 
with  the  truck  were  suggested  as  a  means  of  making 
sure  that  the  factors  affecting  the  impact-machine  reac- 
tions would  also  affect  actual  motor-truck  impacts. 
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Accordingly,  when  sufficient  data  had  been  secured 
with  the  impact  machine  to  indicate  that  some  differ- 
ences existed  between  the  characteristic  curves  for  the 
first  three  types  tested,  namely,  2-inch  Topeka  on 
6-inch  1:3:7  base,  2-inch  bituminous  concrete  on  (5-inch 
1:3:7  base,  and  6-inch  1:2:4  concrete  (curves  1,  2,  and 
7,  fig.  2),  it  was  thought  desirable  to  see  if  similar 
characteristic  curves,  developed  by  actual  motor-truck 
impacts,  would  show  a  tendency  to  differ  in  the  same 
general  direction.  Accordingly,  a  2-ton  truck  with 
rear  tires  comparable  to  the  tire  used  on  the  impact- 
machine  plunger  was  run  over  a  ^-inch  inclined 
obstruction  in  such  a  manner  that  one  rear  wheel  would 
strike  upon  the  pavement  at  a  section 7  previously 
tested  by  the  impact  machine. 

The  force  of  this  impact  was  measured  by  means  of 
an  accelerometer8  essentially  the  same  as  that  used  in 
the  impact-machine  tests,  the  instrument  being 
mounted  on  one  of  the  rear  wheels.  The  truck  was  so 
loaded  that  impacts  delivered  by  it  at  varying  speeds 
would  about  cover  the  range  of  impacts  secured  with 
the  impact  machine. 

The  speed  of  the  truck  was  determined  by  means  of 
stop-watch  measurements  and  checked  and'  controlled 
be  speedometer  observations. 

The  data  obtained  have  been  plotted  in  Figures  10, 11, 
and  12  for  the  three  types  tested  and  the  average  results 

7  The  impact-machine  wheel  was  made  to  strike  3  feet  4  inches  from  the  pavement 
edge,  the  truck  wheel  8  feet  from  the  same  edge.  This  was  necessary  on  account  of 
traffic  conditions. 

8  For  a  more  detailed  description  of  this  apparatus  see  Public  Roads,  vol.  7,  No.  4, 
Motor  Truck  Impact  as  Affected  by  Tires,  Other  Truck  Factors,  and  Road  Rough- 
ness, by  James  A.  Buchanan  and  J.  W.  Reid. 


Truck  Equipped  with  Accelerometer.  The  Rear 
Wheel  is  About  to  Drop  from  the  Wedge-Shaped 
Obstruction 

for  each  of  these  types  plotted  separately  in  Figure  13, 
upon  which  have  also  been  plotted  the  impact-machine 
reactions  for  these  types  for  comparative  purposes. 

From  Figure  13  it  will  be  seen  that  the  motor-truck 
impact  reaction  curves  show  a  definite  tendency  to 
differ  in  the  same  general  direction  as  do  the  char- 
acteristic curves  obtained  with  the  impact  machine  and 
bv  about  the  same  general  amounts. 


TRUCK  IS  A  BIG  FACTOR  IN  FRUIT  TRANSPORT 


The  marked  increase  in  the  use  of  motor  trucks  for 
hauling  farm  produce  direct  from  farms  to  markets  is 
shown  in  a  survey  in  New  York  City  which  brought 
out  that  from  20  to  30  per  cent  of  the  supply  of  leading 
fruits  on  the  New  York  market  is  hauled  into  the  city 
by  motor  truck. 

For  about  three  months  in  midseason  New  York 
gets  nearly  one-third  its  peach  supply,  one-fourth  its 
tomatoes,  and  one-fifth  its  apples,  by  motor  truck,  and 
sometimes  during  the  busy  season  more  than  one-half 
the  New  Jersey  produce  supply  moves  in  trucks.  The 
survey  was  made  by  the  Bureau  of  Agricultural  Eco- 
nomics of  the  United  States  Department  of  Agriculture 
and  the  New  York  Food  Marketing  Research  Council 
cooperating. 

The  tendency  to  change  from  the  horse-drawn  wagon 
or  the  railroad  car  to  the  motor  truck  has  been  going 
on  for  a  dozen  years.  The  New  York  dealers  wanted 
to  know  just  how  much  produce  was  coming  by  truck 
and  about  45  of  them  agreed  to  give  by  telephone  each 
morning  the  number  of  packages  of  each  product 
received  by  truck,  according  to  the  State  of  origin. 

The  investigation  was  limited  to  five  important  lines 
of  produce — peaches,  cantaloupes,  tomatoes,  apples, 
and  peppers.  The  reporting  started  July  20,  and  con- 
tinued through  the  peak  period  to  October  22.  Infor- 
mation gathered  in  this  way  does  not  give  the  complete 
total  of  receipts  coming  by  motor  truck  into  the  New 
York  area.  Produce  arrives  by  this  means  at  the 
Newark,  Harlem,  Gansevoort,  and  Wallabout  markets, 
as  well  as  the  several  farmers'  markets,  but  it  appears 

1  Digested  from  article  under  the  same  title  appearing  in  the  Official  Record, 
United  States  Department  of  Agriculture,  August  1,  1928. 


that  the  bulk  of  New  Jersey  motor-truck  shipments 
distributed  in  New  York  City  has  been  accounted 
for. 

During  the  period  of  investigation  the  five  products 
reported  were  shipped  by  motor-truck  to  New  York 
from  points  as  distant  as  Virginia,  Maryland,  and 
Delaware,  as  well  as  from  the  near-by  sections  of  New 
Jersey,  Pennsylvania,  Long  Island  (N.  Y.),  and 
Connecticut.  Excepting  cantaloupes  from  Virginia, 
Maryland,  and  Delaware,  the  New  Jersey  motor-truck 
receipts  so  far  exceeded  those  from  other  States  that 
the  latter  appeared  insignificant. 

Thirty  per  cent  of  all  peaches  arriving  at  New  York 
during  the  period  reported  came  by  motor  truck. 
Twenty-five  per  cent  of  the  tomatoes,  20  per  cent  of 
the  apples,  and  9  per  cent  of  the  peppers  also  arrived 
in  this  way. 

Taking  a  single  week  during  the  height  of  the  season 
the  truck  receipts  of  peaches  were  58  per  cent  of  all 
peach  receipts,  apples  78  per  cent,  tomatoes  52  per 
cent,  and  peppers  1 6  per  cent . 

Some  of  the  wholesale  dealers  do  not  like  this  ten- 
dency of  change  to  motor-truck  service  because  they 
can  not  hold  the  truck  operator  liable  for  injury  to 
produce  during  the  trip  to  market.  Something  may 
have  to  be  done  to  provide  insurance  protection  or 
direct  liability  on  truck  loads.  Such  protection  in 
one  way  or  another  adds  something  to  the  costs  of  the 
trucking  service.  No  other  drawbacks  from  the  point 
of  view  of  the  dealer  are  mentioned. 

It  is  claimed  that  motor  trucking  to  market  helps 
the  producers  who  are  outside  the  old  market-gardening 

(Continued  on  page  128) 


THE  DESIGN  OF  PAVEMENT  CONCRETE  BY  THE 
WATER-CEMENT  RATIO  METHOD 

Reported  by  F.  H.  JACKSON,  Senior  Engineer  of  Tests,  Division  of  Tests,  United  States  Bureau  of  Public  Roads 


THE  present  method  of  specifying  arbitrary  propor- 
tions of  cement,  sand,  and  coarse  aggregate  for 
concrete,  even  though  it  may  hi  most  instances 
provide  a  satisfactory  job  from  the  standpoint  of 
quality,  is  at  best  unsound  from  an  economic  point  of 
view.  This  is  true  because  in  order  to  insure  concrete 
of  the  designed  strength  under  conditions  which  involve 
the  possible  use  of  a  variety  of  materials  it  is  necessary, 
when  using  fixed  proportions,  to  adjust  them  on  the 
basis  of  the  most  unfavorable  combination  possible 
under  the  specification.  This  is,  of  course,  on  the 
assumption  that  within  the  usual  specification  limits 
variations  in  such  factors  as  character  and  grading  of 
aggregates  and  quality  of  cement  appreciably  affect  the 
quality  of  the  concrete. 

The  investigation  by  the  Bureau  of  Public  Roads  in 
cooperation  with  the  New  Jersey  State  Highway  Com- 
mission,1 as  well  as  the  tests  now  under  way  at  Arling- 
ton, indicate  that,  in  so  far  as  character  of  aggregate 
is  concerned,  such  variations  may  influence  to  a  marked 
degree  the  transverse  and  tensile  strength  of  the 
concrete,  even  though  the  crushing  strength  may  be 
but  slightly  affected.  Investigations  conducted  by  the 
bureau  in  cooperation  with  the  American  Association 
of  State  Highway  Officials  indicate  clearly  that  varia- 
tions in  the  physical  properties  of  Portland  cements, 
all  meeting  the  American  Society  fov  Testing  Materials 
specifications,  may  quite  appreciably  affect  the  strength 
of  the  concrete. 

From  the  standpoint  of  yield,  also,  it  is  well  known 
that,  under  the  present  system  of  proportioning,  varia- 
tions in  yield  will  occur,  due  to  both  type  and  gradation 
of  aggregates.  Such  variations  lead  to  fluctuations  in 
the  cement  factor  which  are  frequently  the  cause  of 
misunderstandings  and  arguments  between  engineers 
and  contractors.  From  many  standpoints  it  seems 
desirable  to  so  modify  our  procedure  as  to  take  advan- 
tage of  such  variations  in  aggregates  and  cement  as 
normally  occur  in  a  given  locality,  as  to  produce  con- 
crete of  the  required  strength  at  a  minimum  cost,  and 
at  the  same  time  to  provide  such  methods  of  handling 
and  measuring  the  materials  as  will  insure  the  produc- 
tion of  fixed  and  uniform  quantities  of  concrete.  In 
this  paper  an  attempt  will  be  made  to  develop  such  a 
method  by  utilizing  the  well-established  water-cement 
ratio  law,  and  at  the  same  time  taking  into  consideration 
the  various  factors  which  render  it  impossible  to  make 
a  general  application  of  that  law,  as  has  been  attempted 
by  some  authorities  in  the  past. 

The  suggested  method  of  design  has  already  been 
tried  with  success  on  building  construction,  and  no 
originality  is  claimed  by  the  writer.  This  method  will 
be  developed,  together  with  a  discussion  of  changes  in 
methods  of  securing  bids  on  concrete-paving  projects 
which,  it  is  believed,  will  be  necessary  in  order  to  make 
the  suggested  scheme  of  design  effective. 

'  Jackson,  F.  H.,  Comparative  Tests  of  Crushed-Stone  and  Gravel  Concrete  in 
New  Jersey,  Public  Roads,  vol.  8,  No.  12,  February,  1928. 
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WATER-CEMENT  RATIO  THEORY  DISCUSSED 

It  is  now  almost  universally  recognized  that  there  is 
a  well-defined  relation  between  the  strength  of  concrete 
and  the  water-cement  ratio  for  any  given  combination 
of  materials.  Many  tests  have  also  indicated  that  this 
relation  when  plotted  takes  a  form  which  may  be  ex- 

pressed  by  the  general  equation  S  =  jyx.  This  is  the  gen- 
eral form  of  the  well-known  formula  derived  by  Abrams.2 
Values  for  A  and  B  depend  upon  the  particular  com- 
bination of  materials  used,  as  well  as  the  character  of 
the  stress  being  investigated.  S  represents  the  strength 
of  the  concrete  at  28  days  and  x  an  exponent,  the  water- 
cement  ratio.  To  use  the  formula  it  is  necessary  to 
determine  the  constants  for  the  particular  materials 
being  investigated,  which,  of  course,  must  be  done 
experimentally  by  testing  a  series  of  concrete  specimens 
made  with  various  water-cement  ratios  and  plotting 
the  strengths  obtained  against  the  corresponding  ratios. 

Before  proceeding  to  a  discussion  of  the  principles 
governing  the  proposed  method  of  designing  concrete 
it  may  be  well  to  state  that,  because  of  the  experimental 
work  involved,  it  will  be  necessary  in  the  application 
of  this  method  to  have  available  a  well-equipped  labo- 
ratory with  a  qualified  concrete  testing  engineer  in 
charge.  The  designing  of  a  concrete  mixture  to  be 
used  in  a  structure  which  is  guaranteed  to  meet  certain 
requirements  as  to  strength,  durability,  etc.,  is  just  as 
much  a  technical  operation  requiring  the  services  of 
a  trained  personnel  as  is  the  designing  of  the  structure 
itself. 

Furthermore,  all  attempts  which  have  been  made  to 
design  concrete  through  the  application  of  certain 
formulas  based  only  on  considerations  of  grading  of 
aggregates,  such  as  fineness  modulus,  grading  factor, 
surface  area,  etc.,  have  failed,  at  least  in  so  far  as  con- 
crete for  pavements  is  concerned,  in  one  important 
respect — they  do  not  take  into  account  the  character 
of  the  aggregates  employed.  By  character  is  meant 
not  only  type — that  is,  crushed  stone,  gravel,  etc. — but 
such  factors  as  surface  texture,  angularity  of  frag- 
ments!, etc.  These  factors  affect  the  quality  of  the 
concrete  in  two  ways — first,  by  influencing  workability, 
which  in  turn  controls  the  ratio  of  fine  to  coarse  aggre- 
gate as  well  as  the  relative  water  content  and,  second, 
through  the  adhesion  or  bond  which  is  produced 
between  the  cement  and  the  aggregate  surfaces. 

The  effects  of  such  factors  are  particularly  noticeable 
when  the  concrete  is  subjected  to  tensile  and  flexural 
stresses  and  are  therefore  of  importance  to  the  high- 
way engineer.  They  apply  alike  to  fine  and  coarse 
aggregates  and  explain  why  the  experimental  or  trial 
method  of  design  must  be  used.  In  other  words,  we 
have  not  yet  reached  the  point  where  we  can  entirely 
discard  actual  tests  of  trial  mixtures  in  favor  of  mathe- 
matical formulas  in  the  design  of  concrete  mixtures. 

1  Abrams,  D.  A.,  Design  of  Concrete  Mixtures,  Bull.  1,  Structural  Materials 
Research  Laboratory,  Lewis  Institute,  Chicago,  111. 
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There  are,  however,  certain  fundamental  principles 
underlying  all  methods  of  concrete  design  which  must 
be  thoroughly  understood  by  everyone  who  intends  to 
use  the  so-called  trial  method,  and  these  will  be  dis- 
cussed briefly  before  giving  the  various  steps  in  the 
suggested  method. 

METHOD  OF  DETERMINING  RATIO  OF  FINE  TO  COARSE  AGGREGATE 
DESCRIBED 

The  first  question  to  decide  is  the  proper  ratio  in 
which  to  combine  the  various  fine  and  coarse  aggregates 
which  are  available  for  a  given  job,  giving  in  each  case 
due  consideration  to  both  workability  and  economy. 
There  are  four  general  rules  which  may  be  applied  to 
this  particular  problem,  as  follows: 

(1)  The  proportion  of  sand  should  be  increased  as 
the  sand  becomes  coarser. 

(2)  The  proportion  of  sand  should  be  increased  as 
the  maximum  size  of  the  coarse  aggregate  becomes 
smaller. 

(3)  The  proportion  of  sand  should  be  increased  as 
the  percentage  of  fine  material  in  the  coarse  aggregate 
becomes  smaller. 

(4)  The  proportion  of  sand  should  be  increased  as 
the  percentage  of  angular  fragments  in  the  coarse  aggre- 
gate becomes  larger. 

These  principles  are  well  known.  The  average  speci- 
fication for  concrete,  however,  recognizes  them  only  in 
a  general  way,  usually  by  a  clause  giving  the  engineer 
the  power  to  slightly  change  the  proportion  of  fine  to 
coarse  aggregate  to  secure  maximum  density.  It 
should  be  possible  in  designing  the  mix  to  fix  this  ratio 
much  more  accurately  than  is  possible  under  the  pres- 
ent arbitrary  method.  The  most  important  point  to 
remember  is  that  a  balance  will  have  to  be  struck  be- 
tween a  high  sanded  mix,  which,  although  workable,  is 
apt  to  be  uneconomical,  due  to  the  fact  that,  for  a  con- 
stant water-cement  ratio,  more  cement  will  be  required 
for  a  given  consistency,  and  a  low  sanded  mix,  which, 
although  economical  in  so  far  as  cement  content  is 
concerned,  is  apt  to  give  trouble  in  placing. 

In  the  writer's  opinion  the  ideal  combination  is  the 
one  in  which  the  voids  in  the  coarse  aggregate  are  main- 
tained at  a  minimum,  so  as  to  permit  the  use  of  the 
smallest  amount  of  mortar  possible  and  still  have  a 
workable  mix.  In  order  to  do  this,  the  grading  of  the 
coarse  aggregate  must  be  controlled  very  carefully 
throughout  the  entire  job,  and  this  can  best  be  done 
by  handling  and  measuring  it  in  separate  sizes.  This 
method  serves  also  to  eliminate  segregation,  and  thus 
makes  possible  the  use  of  a  larger  maximum  size  of 
coarse  aggregate,  which  is  economical  from  the  stand- 
point of  cement  required.  In  the  case  of  crushed 
stone  the  use  of  a  larger  size  involves  less  crushing  and 
is  therefore  more  economical.  Too  little  attention  has 
been  paid  to  such  details  in  the  past  with  the  result 
that,  although  most  of  our  concrete  may  be,  and  prob- 
ably is,  of  satisfactory  quality,  it  has  not  been  designed 
so  as  to  make  the  best  use  of  a  closely  controlled  coarse 
aggregate  grading,  which  is  the  only  way  maximum 
workability  can  be  attained  with  a  minimum  of  cement. 
Just  how  far  we  can  go  in  any  particular  case  will 
depend,  of  course,  upon  the  materials  available,  meth- 
ods of  finishing  to  be  employed,  etc.  In  general,  there 
is  no  reason  for  using  more  mortar  than  is  necessary  to 
secure  the  proper  finish.  Under  such  a  condition  it 
will  usually  be  found  that  there  is  enough  mortar  pres- 
ent  to  fill  the  voids  in  the  coarse  aggregate  with  a 


slight  excess,  and  it  is  believed  that,  under  our  modern 
methods  of  finishing,  this  will  prove  sufficient  in  prac- 
tically all  cases  to  secure  a  dense,  homogeneous  con- 
crete free  from  honeycomb. 

For  the  usual  run  of  materials  for  concrete  roads  the 
proper  ratio  of  the  volume  of  fine  to  course  aggregate 
wdl  range  from  a  30:70  ratio  for  a  relatively  fine  sand 
combined  with  a  closely  graded  easv-working  coarse 
aggregate  to  a  40:60  ratio  for  a  coarse  sand  combined 
with  a  high-void,  harsh-working  coarse  aggregate.  As 
previously  stated,  effort  should  be  made  when  studying 
various  possible  combinations  to  keep  as  near  the  former 
ratio  as  possible,  for  the  sake  of  economy,  always 
remembering  that  the  final  value  to  use  will  depend 
entirely  upon  whether  it  is  possible  to  secure  a  satis- 
factory finish  and  a  concrete  free  from  honeycomb 
with  the  placing  and  finishing  equipment  to  be  used 
on  the  job. 

Using  modern  methods  of  handling  it  is  believed 
that  this  condition  can  be  attained  frequently  with  a 
lower  sand  content  than  was  possible  with  the  old 
hand-finishing  methods.  As  far  as  this  factor  is 
concerned,  it  is  necessary  to  fall  back  upon  judgment 
backed  by  actual  observations  on  the  job,  rather  than 
to  rely  entirely  upon  set  formulas,  helpful  as  they 
may  be  in  giving  preliminary  indications. 

As  a  guide,  however,  in  making  such  a  preliminary 
estimate  of  the  proper  ratio  to  use  in  any  specific  case, 
the  values  given  in  Table  1  may  be  taken.  In  general, 
these  ratios  are  about  the  same  as  would  be  obtained 
by  the  use  of  the  fineness  modulus  method  suggested 
by  the  Portland  Cement  Association,3  except  that 
in  no  case  is  the  percentage  of  fine  aggregate  less  than  25 
or  more  than  45  per  cent  of  the  sum  of  the  volumes  of  the 
fine  and  coarse  aggregate  measured  separately.  It  will 
be  observed  that  these  values  illustrate  the  principles 
governing  the  proper  ratio  of  fine  to  coarse  aggregate 

Table  1. — Approximate  ratios,  by  volume,  of  fine  to  coarse  aggre- 
gate for  paving  concrete,  machine  finished 


Coarse  aggregate  size  limits 

Fine  aggregate — size  limits 

0-No.  16 

0-No.  8 

0-No.  4 

0-^8-inch 

35:65 
30:70 
25:75 

37:63 
32:68 
27:73 

40:60 
35:65 
30:70 

45:55 

40:60 

35:65 

Notes. — The  above  values  are  based  on  the  use  of  the  usual 
type  of  natural  sand  combined  with  a  coarse  aggregate  consisting 
essentially  of  rounded  fragments.  With  coarse  aggregate  con- 
sisting essentially  of  angular  fragments  it  may  be  necessary  to 
increase  the  percentage  of  sand  slightly  over  the  values  above 
given. 

It  has  been  assumed  that  the  concrete  will  be  machine  finished. 
For  hand-finished  work  the  percentage  of  sand  may  have  to  be 
increased  somewhat. 

For  an  aggregate  to  be  given  a  certain  maximum  size,  at 
least  15  per  cent  must  be  retained  on  the  next  smaller  sieve  shown 
in^the  table.  For  instance,  a  sand  having  16  per  cent  retained 
on>  No.',8  sieve  is  classed  as  a  0-No.  4  sand.  For  a  sand  to  be 
classed  as  a  0-No.  16  sand,  at  least  15  per  cent  must  be  retained 
on  a  No.  30  sieve. 

All  coarse  aggregates  are  assumed  to  be  reasonably  well 
graded  from  the  maximum  size  to  No.  4,  with  not  more  than  15 
per  cent  passing  the  No.  4  sieve. 

The  use  of  a  0-No.  16  sand  is  not  recommended,  except  under 
conditions  where  a  coarser  sand  is  not  available,  on  account 
of  the  fact  that  concrete  in  which  a  fine  sand  is  used  is  in  general 
not  quite  so  resistant  to  wear  as  when  a  coarse  sand  is  used. 


3  Design  and-Control  of  Concrete  Mixtures,  published  by  the  Portland  Cement 
Association,  Chicago,  111. 
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given  above.     The  values  given  in  the  table  do  not 
represent  necessarily  the  final  ratios  to  use.     The  best 
final  values  in  any  ease  can  only  be  determined  by  trial,       5 
bearing   in   mind   that   the   smallest   amount  of   sand 
consistent  with  workability  should  ordinarily  be  used.       a 

DETERMINATION  OF  PROPORTIONS  BASED  ON  LABORATORY  TESTS  w 

a 

Having  tentatively  fixed  the  proper  ratio  of  fine  to  &.' 
coarse  aggregate  for  each  available  combination,  the  | 
next  step  is  to  determine  in  each  case  how  much  cement  g 
and  water  to  use  to  secure  concrete  meeting  the  re-  °t 
quirements  of  the  specification.  For  purposes  of  dis-  £ 
cussion  it  will  be  assumed  that  a  minimum  flexural  £ 
strength  (modulus  of  rupture)  is  specified.  It  is  recog-  g 
nized  that  strength  is  not  the  only  criterion  upon  which  £ 
to  judge  the  quality  of  concrete.  Durability  and  resist-  w 
ance  to  wear  are  of  great  importance.  However,  it  3 
must  be  confessed  that  at  present  we  are  able  to  talk  g 
only  in  generalities  with  regard  to  durability.  We  s 
have  no  definite  requirements  which  may  be  set  up  in 
specifications.  About  all  that  we  can  do,  assuming 
that  the  aggregates  themselves  possess  the  necessary 
properties  as  regards  durability  and  resistance  to  wear, 
is  to  assume  that  concrete  which  will  meet  the  strength 
requirements  and  which  is  sufficiently  workable  to  be 
placed  and  finished  in  a  satisfactory  manner  will  be  as 
permanent  as  it  is  possible  to  make  it  with  our  present 
knowledge  of  the  art. 

It  will  be  assumed  that  the  specifications  call  for  a 
concrete  which  when  tested  under  standard  laboratory 
conditions  will  have  a  certain  modulus  of  rupture,  say 
600  pounds  per  square  inch  at  28  days.  The  problem 
is  to  determine  the  most  economical  mixture  which  will 
give  this  strength  and  at  the  same  time  be  sufficiently 
workable  to  place  and  finish  properly  on  the  job.  Unfor- 
tunately at  the  present  time  it  is  impractical  to  attempt 
to  control  the  quality  of  the  cement  to  be  used  on  the  job 
further  than  to  require  that  it  pass  the  American  Society 
for  Testing  Materials  requirements.  In  trial  determina- 
tions, therefore,  it  will  be  necessary  to  use  a  cement 
which  corresponds  to  about  the  lowest-strength  cement 
likely  to  be  used  on  the  job.  The  use  in  construction  of 
any  higher-strength  cement  than  this  simply  serves  to 
provide  an  additional  factor  of  safety,  in  so  far  as  the 
cement  is  concerned.  Having  selected  the  cement,  it  will 
now  be  necessary  to  fix  experimentally  the  relation  be- 
tween the  water-cement  ratio  and  the  flexural  strength 
for  this  laboratory  cement,  using  stock  aggregates  of 
known  satisfactory  quality.  The  determination  of  the 
strength  developed  at  28  days  with  water-cement  ratios 
0.6,  0.7,  0.8,  0.9,  and  1.0  will  usually  give  enough  points 
from  which  to  develop  this  relation.  Such  a  relation 
for  an  assumed  case  is  shown  in  Figure  1.  It  will  be 
observed  that  a  ratio  of  0.7  gives  a  strength  of  approxi- 
mately 600  pounds  per  square  inch. 

The  next  step  is  to  make  up  concrete  specimens  with 
each  of  the  aggregate  combinations,  using  0.7  water- 
cement  ratio  and  the  consistency  which  will  be  used 
on  the  job.  It  is  important  in  this  experiment  to  main- 
tain the  consistency  as  nearly  constant  as  possible. 
With  a  constant  water-cement  ratio  this  will  necessitate 
variable  proportions,  depending  upon  the  type  and 
gradation  of  the  materials.  The  proper  amount  of 
cement  to  use  in  each  case  must  be  obtained  by  trial, 
adding  small  quantities  of  the  aggregates  in  question  to 
the  cement  paste  until  the  proper  consistency  has  been 
reached.     The  predetermined  ratio  between  fine  and 
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WATER-CEMENT  RATIO 
1. — Typical  Relation  Between  Water-Cement  Ratio 
and  Flexural  Strength  of  Concrete  at  28  Days 


coarse  aggregate  must  be  maintained  throughout  the 
operation.  From  the  final  quantities  used  the  pro- 
portions either  by  weight  or  by  volume  may  be  readily 
calculated.  The  flow  table  4  is  recommended  for 
determining  relative  consistency  in  the  laboratory  as 
being  more  positive  than  the  slump  test.  It  is,  however, 
not  a  test  for  workability  in  the  strict  sense  of  the 
word,  nothing  having  so  far  been  developed  to  take  the 
place  of  the  eye  in  judging  this  important  characteristic. 
According  to  the  original  water-cement  ratio  theory, 
concrete  specimens  made  with  various  aggregates  as  de- 
scribed above  should  all  have  substantially  the  same 
strength,  because  the  water-cement  ratios  are  the  same 
and  the  mixtures  are  all  workable.  We  know  from 
experience,  however,  that  the  strengths  will  probably  not 
be  the  same,  due  to  the  influence  of  the  character  of 
aggregate.  Let  us  assume  that  the  following  strengths 
were  actually  obtained  on  six  combinations  of  material : 


Combination 

Modulus 

of  rupture 

in  pounds 

per 

square 

inch 

Combination 

Modulus 

of  rupture 

in  pounds 

per 

square 

inch 

A... 

670 
625 
600 

D 

600 

B ^ 

E 

580 

C„._ 

F— 

535 

These  values  are  plotted  in  Figure  1.  It  is  observed 
at  once  that  four  of  the  six  combinations  give  strengths 
either  identical  or  practically  identical  with  the  base 
or  standard  laboratory  combination.  There  are,  how- 
ever, two  outstanding  exceptions,  one  much  higher 
and  one  much  lower.  These  two  combinations,  A 
and  F,  will  be  used  as  the  basis  for  further  discussion, 
since  the  same  methods,  somewhat  simplified,  can  be 
applied  to  combinations  B  to  E. 

It  is  now  assumed  that  had  curves  been  developed 
for  the  relation  between  water-cement  ratio  and  strength 
for  these  combinations,  as  was  done  for  the  base  mix, 
the  curves  would  be  substantially  parallel  to  the  base 

<  A.  S.  T.  M.  Standards,  vol.  2,  192",  p.  115. 
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curve  over  the  comparatively  narrow  range  in  which 
we  are  interested.  This  may  or  may  not  be  absolutely 
correct,  but  it  is  believed  that  for  the  range  of  mixtures 
covered  by  paving  concrete  it  is  substantially  true. 
Granting  this,  we  can  omit  the  actual  determination 
of  this  relationship  for  any  of  the  combinations  in 
which  we  are  interested  and  simply  draw  through  the 
value  which  we  have  plotted  a  line  parallel  to  the  basic 
curve.  This  has  been  done  in  Figure  1  for  combina- 
tions A  and  F.  To  determine  the  water-cement  ratio 
to  use  with  either  of  these  combinations  to  obtain  a 
strength  of  600  pounds,  simply  follow  the  curve  repre- 
senting the  material  either  to  the  right  or  left,  as  the 
case  may  be,  until  it  intersects  the  600-pound  line  and 
use  the  corresponding  water-cement  ratio.  Figure  1 
shows  this  to  be  0.85  for  combination  A  and  0.60  for 
combination  F.  A  choice  between  these  combina- 
tions will  depend  entirely  on  which  is  the  cheaper,  all 
things  considered,  always  assuming  that  the  aggre- 
gates in  both  cases  are  structurally  sound  and  have 
sufficient  resistance  to  wear. 

Before  the  cost  can  be  determined  it  will  be  neces- 
sary to  determine  by  trial  method  the  proportions  re- 
quired in  these  two  cases  to  give  the  consistency  re- 
quired at  the  water-cement  ratios  indicated — that  is, 
0.85  for  combination  A  and  0.60  for  combination  F. 
Assume,  for  purposes  of  illustration,  that  the  propor- 
tions for  combination  A  with  a  0.85  water-cement 
ratio  reduce  to  1:2:4  by  volume  and  that  the  propor- 
tions for  combination  F  with  a  0.60  water-cement  ratio 
reduce  to  l:lJ/£:3.  Which  of  the  two  is  the  cheaper 
will,  of  course,  depend  almost  entirely  on  the  relative 
costs  of  the  aggregates  delivered  on  the  job. 

QUANTITIES  OF  MATERIAL  DETERMINED  BV  SIMPLE  CALCULATION 

The  next  step  is  to  work  out  for  each  case  the  theo- 
retical cement  factor  as  well  as  the  quantities  of  aggre- 
gates required  to  produce  a  unit  volume  of  concrete, 
knowing  the  specific  gravities  and  weights  per  cubic 
foot  of  all  of  the  materials.  For  this  purpose  a  simple 
formula  proposed  by  Stanton  Walker  5  may  be  used. 
This  formula  gives  the  number  of  bags  of  cement  re- 
quired to  produce  1  cubic  yard  of  concrete,  knowing 
the  proportions  as  well  as  the  weights  per  cubic  foot 
and  apparent  specific  gravities  of  the  materials.  It 
is  based  on  the  assumption  that,  for  plastic  mixes,  the 
volume  of  concrete  produced  will  be  equal  to  the  sum 
of  the  absolute  volumes  of  cement  and  aggregates  plus 
the  volume  of  water,  and  may  be  expressed  as  follows : 

27 


somewhat  lower  values  for  cement  content  than  will 
be  found  by  trial  either  in  the  laboratory  or  in  the 
field.  It  will  be  necessary,  before  making  final  accurate 
estimates  of  quantities  for  field  use,  to  make  actual 
determinations  of  yield  on  the  combination  finally 
selected. 

In  the  above  formula  it  will  be  observed  that  the 
quantities 

62 .4S/  ana  62.4Sff 

represent,  respectively,  the  absolute  volumes  of  fine 
and  coarse  aggregate  used  with  each  bag  of  cement. 
The  basis  for  the  formula  which  is  supported  by 
laboratory  determinations  is  that  for  given  materials 
the  absolute  volumes  of  the  aggregates  used  control 
the  volume  of  concrete  which  will  be  obtained  with 
a  given  amount  of  cement.  This  furnishes  one  of  the 
principal  arguments  for  measuring  aggregates  by 
weight  instead  of  by  volume,  because  as  long  as  the 
specific  gravity  of  the  aggregate  remains  constant  the 
weight  of  aggregate  controls  the  yield  irrespective  of 
void  content. 

The  application  of  the  formula  to  the  problem 
under  discussion  may  now  be  made  by  continuing  the 
illustration  given  above  and  assuming  the  following 
additional  facts  relative  to  the  materials: 


Combina- 
tion F 


U-5+x  + 62.4V  62.45fl 
where 

C=  number  of  bags  of  cement  per  cubic  yard  of  concrete. 
0.  5  =  approximate  absolute  volume  of  cement  in  one  bag. 
x  =  water-cement  ratio  =  volume  of  water  in  a  one-bag 
batch. 
Wf=  weight  in  pounds  of  fine  aggregate  used  in  a  one-bag 

batch. 
Sf=  apparent  specific  gravity  of  fine  aggregate. 
TT„  =  weight  in  pounds  of  coarse  aggregate  used  in  a  one- 
bag  batch. 
«S(,  =  apparent  specific  gravity  of  coarse  aggregate. 
62.  4  =  weight  per  cubic  foot  of  water. 

This  formula  is  sufficiently  accurate  for  comparing 
concrete  yields  in  the  laboratory.     It  gives,  in  general, 

»  Walker,  Stanton,   Estimating  Quantities  of  Materials  for   Concrete,  Bull.    1, 
National  Sand  and  Gravel  Association,  Washington,  D.  C. 


Weight  per  cubic  foot  fine  aggregate 

Weight  per  cubic  foot  coarse  aggregate 

Apparent  specific  gravity  of  fine  aggregate... 
Apparent  specific  gravity  of  coarse  aggregate 

Price  per  ton  delivered,  fine  aggregate. 

Price  per  ton  delivered,  coarse  aggregate 

Price  per  bag,  cement 


Combina- 

tion A 

90 

95 

2.65 

2.55 

$1.75 

$2.00 

$0.60 

80 

109 

2.65 

2.  70 

$1.00 
$1.00 
$0.60 


These  values,  though  assumed,  might  readily  be  en- 
countered in  actual  practice,  the  idea  in  this  case  being 
that  the  aggregates  represented  by  combination  A  are 
from  sources  some  distance  from  the  work,  so  that  the 
cost  of  transportation  must  be  considered,  whereas 
aggregates  F  are  locally  available.  Any  other  factor 
which  might  cause  differences  in  price,  such  as  cost  of 
production,  might,  of  course,  just  as  well  have  been 
assumed. 

Applying  the  data  given  in  the  table  to  the  formula 
and  remembering  that  a  water-cement  ratio  of  0.85  and 
proportions  of  1:2:4  have  been  selected  for  combina- 
tion A  and  corresponding  values  of  0.60  and  1:1J^:3 
for  combination  B,  the  cost  of  materials  for  each  com- 
bination is  obtained  as  follows: 

ESTIMATE  FOR  COMBINATION  A 

27 
C  =  —  18Q  TjgTj =  5.6  bags  of  cement 

0.5+0.85+624x2#65+62.4X2.65 

.       5.6X180 
Weight  of  fine  aggregate  per  cubic  yard  of  concrete  =  — ^  qqq 

=  0.505  tons. 

Weight   of   coarse    aggregate    per    cubic    yard    of    concrete 
5.6X380     ,  „„,  . 

=^76ocT=1()65tons- 

COSTS 

Cement,  5.6  bags,  at  $0.60 $3.  36 

Fine  aggregate,  0.505  ton,  at  $1.75 •  88 

Coarse  aggregate,  1.065  tons,  at  $2 2.  13 

Cost  of  materials  per  cubic  yard  of  concrete.-  6.  37 
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ESTIMATE  FOR  COMBINATION  F 

27 
C  =  —  y,()  — 327 =7.16  bags  of  cement 

0.5+0.60+624x265+624x2-70 

7.16X120 
Weight  of  fine  aggregate  per  cubic  yard  of  concrete  = — 2  00Q 

=  0.429  ton. 

Weight   of    coarse    aggregate    per    cubic    yard    of    concrete 

7.16X327     ,  1C  , 
=     2,000     =L18t0US- 

COSTS 

Cement,  7.16  bags,  at  $0.60 U.  30 

Fine  aggregate,  0.429  ton,  at  $1 .43 

Coarse  aggregate,  1.17  tons,  at$l 1.  18 

Cost  of  materials  per  cubic  yard  of  concrete 5.  91 

These  values  are  not  given  as  typical  of  the  relative 
cost  of  concrete  using  imported  or  local  aggregates,  but 
only  to  illustrate  a  method  whereby  reliable  informa- 
tion as  to  comparative  costs  may  be  obtained,  as  well 
as  to  show  that  the  most  expensive  concrete  is  not 
necessarily  the  one  containing  the  most  cement. 

There  are  other  factors  in  addition  to  actual  cost 
which  must  be  considered  when  comparing  sources  of 
aggregate  supply.  For  instance,  the  selection  of  ma- 
terials represented  by  combination  F  in  the  above 
illustration  would  only  be  justified  on  the  basSs  of  an 
adequate  supply  of  material  equal  in  quality  and  of 
the  same  grading  as  the  sample  upon  which  the  design 
is  based.  This,  in  turn,  involves  not  only  a  thorough 
inspection  of  the  source  as  to  the  extent  and  uniform- 
ity of  the  deposit  but  also  presupposes  adequate  plant 
equipment  for  producing  the  aggregates.  It  is  wasted 
effort  to  go  to  the  trouble  of  designing  a  mix  based 
on  an  examination  of  samples  submitted  for  test  and 
then  find  that  it  is  either  impossible  or  impractical  to 
produce  materials  equal  to  the  samples  for  the  actual 
job.  In  the  past  most  of  the  attempts  to  design  con- 
crete mixtures  for  paving  work  using  local  materials 
have  failed  because  proper  emphasis  was  not  placed 
on  the  importance  of  uniformity  of  the  material  sup- 
ply. Uniform  concrete  may  be  obtained  in  no  other 
way. 

EFFECT  ON  SPECIFICATIONS  DISCUSSED 

In  using  the  proposed  method  of  designing  concrete 
mixtures  in  actual  construction,  it  will  be  necessary 
to  change  the  present  method  of  specifying  arbitrary 
proportions  to  a  specification  based  on  a  certain  re- 
quired minimum  strength.  Such  a  method  of  speci- 
fying has  recently  been  suggested  by  J.  T.  Voshell, 
district  engineer,  Bureau  of  Public  Roads,  which  would 
also  involve  a  change  in  the  method  of  bidding.     Ap- 


plication of  the  proposed  method  of  design  can  be 
worked  out  as  follows: 

Each  bidder,  instead  of  specifying  a  price  per  square 
vard  for  concrete  in  place,  would  be  required  to  sub- 
mit separate  bids  for  all  materials  which  he  is  prepared 
to  furnish,  together  with  a  separate  bid  price  per  square 
yard  for  mixing,  placing,  finishing,  and  curing  the  con- 
crete in  accordance  with  the  requirements  of  the  speci- 
fication. After  receipt  of  proposals  the  engineer  will 
examine  all  of  the  sources  proposed,  first,  with  the 
view  to  eliminating  any  which  do  not  comply  with 
the  basic  requirements  of  the  specifications,  and,  sec- 
ond, in  order  to  determine  which  of  the  materials  pro- 
posed will  produce  concrete  of  the  required  quality  at 
the  lowest  cost,  using  a  procedure  similar  to  that  out- 
lined above.  The  award  should  be  made  to  the  con- 
tractor who  can  supply  the  materials  and  mix  and  place 
the  concrete  at  the  lowest  total  price  per  square  yard. 

With  this  method  of  procedure  the  responsibility  for 
selecting  the  materials  and  adjusting  the  mix  to  secure 
concrete  of  the  desired  quality,  as  well  as  the  respon- 
sibility of  seeing  that  the  production  of  the  concrete  is 
carried  out  in  accordance  with  the  specifications,  rests 
solely  with  the  engineer.  This  is  where  it  belongs, 
unless  we  are  prepared  to  go  to  the  other  extreme  and 
specify  the  quality  of  the  finished  concrete  and  allow 
the  contractor  to  use  any  materials  and  methods  of 
production  he  desires  so  long  as  he  fulfills  this  require- 
ment. The  writer  believes  that  we  should  adhere 
strictly  to  one  course  or  the  other  and  not  attempt  to 
control  every  step  in  the  process  of  construction  and 
still  hold  the  contractor  responsible  for  the  result. 

In  applying  the  method  of  design  described  in  this 
paper  the  selection  of  aggregates  and  proportions  to  be 
employed  should  be  based  on  laboratory  tests  under 
controlled  conditions  so  as  to  insure  that  when  the 
pavement  is  constructed  using  the  same  aggregates 
and  proportions  and  in  accordance  with  the  detailed 
specifications  governing  mixing,  placing,  and  curing  a 
structure  of  satisfactory  quality  will  result.  It  is 
believed  that  under  such  circumstances  specifications 
should  not  contain  provisions  as  to  the  strength  of  the 
finished  concrete,  and  strength  tests,  if  made,  should 
be  for  the  guidance  of  the  engineer  only. 

If,  on  the  other  hand,  it  is  desired  to  specify  the 
quality  of  finished  product  only,  the  same  technical 
procedure  for  designing  mixtures  may  still  be  employed, 
only  in  this  case  it  becomes  a  method  to  be  applied 
by  the  contractor  instead  of  the  engineer,  because 
under  such  a  specification  the  contractor  must  deter- 
mine "for  himself  the  materials  to  be  used  and  the  pro- 
portion in  which  to  combine  them  in  order  to  make  an 
intelligent  bid. 
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region,  giving  them  the  advantages  of  prompt  delivery 
wherever  the  load  is  wanted  and  without  delay, 
rehandling,  or  extra  charges. 

Many  of  the  dealers  have  their  own  trucks  which  they 
take  to  the  producing  section  and  do  their  buying  direct. 


This  plan  suits  the  grower  rather  well  because  he  sells  for 
cash  and  need  have  no  more  trouble  about  the  matter. 
As  for  the  condition  of  the  trucked  produce,  there  is 
some  discussion  about  the  effect  on  soft  fruits,  yet  it  is 
claimed  that  strawberries  trucked  to  market  hold  their 
condition  better  and  longer  than  those  shipped  in  iced 
cars,  although  the  iced  berries  will  look  better  for  the 
first  four  or  five  hours. 
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exhausted  and  no  funds  are  available  for  procuring  additional  copies, 
applicants  are  referred  to  the  Superintendent  of  Documents.  Govern- 
ment Printing  Office,  this  city,  ivho  has  them  for  sale  at  a  nominal  price, 
under  the  law  of  January  12,  1895.  Those  publications  in  this  list,  the 
Department  supply  of  which  is  exhausted,  can  only  be  secured  by  pur- 
chase from  the  Superintendent  of  Documents,  who  is  not  authorized 
to  furnish  publications  free. 

ANNUAL  REPORTS 

Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1924. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1925. 
Report  of  the  Chief  of  the  Bureau  of  Public  Roads,  1927. 

DEPARTMENT  BULLETINS 

No.    105D.   Progress  Report  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1913. 
*136D.   Highway  Bonds.     20c. 
220D.  Road  Models. 

257D.   Progress  Report  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1914. 
*314D.   Methods  for  the  Examination  of  Bituminous  Road 

Materials.     10c. 
*347D.   Methods   for    the    Determination    of   the    Physical 

Properties  of  Road-Building  Rock.     10c. 
*370D.   The    Results   of   Physical   Tests   of   Road-Building 
Rock.     15c. 
386D.  Public  Road  Mileage  and  Revenues  in  the  Middle 

Atlantic  States,  1914. 
387D.   Public  Road  Mileage  and  Revenues  in  the  Southern 

States,  1914. 
3SSD.   Public   Road   Mileage  and   Revenues  in   the   New 

England  States,  1914. 
390D.   Public  Road  Mileage  and  Revenues  in  the  United 

States,  1914.     A  Summary. 
407D.   Progress  Reports  of  Experiments  in  Dust  Prevention 
and  Road  Preservation,  1915. 
*463D.   Earth,  Sand-clay,  and  Gravel  Roads.      15c. 
*532D.   The  Expansion  and   Contraction   of  Concrete  and 

Concrete  Roads.     10c. 
*537D.  The   Results  of   Physical   Tests  of   Road-Building 
Rock  in  1916,  Including  all  Compression  Tests. 
5c. 
*583D.  Reports    on    Experimental    Convict    Road    Camp, 

Fulton  County,  Ga.     25c. 
*660D.  Highway  Cost  Keeping.     10c. 
*670D.   The    Results   of   Physical   Tests   of    Road-Building 

Rock  in   1916  and  1917.     5c. 
*691D.  Typical  Specifications  for  Bituminous  Road  Mate- 
rials.    10c. 
*724D.   Drainage    Methods    and    Foundations    for    County 
Roads.     20c. 
*1077D.   Portland  Cement  Concrete  Roads.     15c. 
1259D.  Standard  Specifications  for  Steel  Highway  Bridges, 
adopted  bv  the  American  Association  of  State 
Highway  Officials  and  approved  by  the  Secretary 
of  Agriculture  for  use  in  connection  with  Federal- 
aid  road  work. 
1279D.  Rural    Highway    Mileage,    Income,    and    Expendi- 
tures, 1921  and  1922. 


DEPARTMENT  BULLETINS-Continued 

No.    1486D.  Highway  Bridge  Location. 

DEPARTMENT  CIRCULARS 

No.    94C.  T.  N.  T.  as  a  Blasting  Explosive. 

331C.  Standard  Specifications  for  Corrugated   Metal   Pipe 
Culverts. 

TECHNICAL  BULLETIN 

No.  55.   Highway  Bridge  Surveys. 

MISCELLANEOUS  CIRCULARS 

No.  62M.  Standards  Governing  Plans,  Specifications,  Con- 
tract Forms,  and  Estimates  for  Federal  Aid 
Highway  Projects. 
93M.  Direct  Production  Costs  of  Broken  Stone. 
*105M.  Federal  Legislation  Providing  for  Federal  Aid  in 
Highway  Construction  and  the  Construction  of 
National  Forest  Roads  and  Trails.     5c. 

FARMERS'  BULLETINS 

No.  *338F.  Macadam  Roads.     5c. 

SEPARATE  REPRINTS  FROM  THE  YEARBOOK 

No.  *739Y.  Federal  Aid  to  Highways,  1917.     5c. 
*849Y.  Roads.     5c. 
914Y.  Highways  and  Highway  TransPortati°n- 
937Y.  Miscellaneous  Agricultural  Statistics. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Connecticut. 
Report  of  a  Survey  of  Transportation  on  the  State  Highway 

System  of  Ohio. 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

Vermont. 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

New  Hampshire. 

REPRINTS  FROM  THE  JOURNAL  OF  AGRICULTURAL  RESEARCH 

Vol.  5,  No.  17,  D-  2.  Effect  of  Controllable  Variables  upon 
the  Penetration  Test  for  Asphalts  and 
Asphalt  Cements. 

Vol.  5,  No.  19,  D-  3.  Relation  Between  Properties  of  Hard- 
ness and  Toughness  of  Road-Build- 
ing Rock. 

Vol.  5,  No.  24,  D-  6.  A  New  Penetration  Needle  for  Use  in 
Testing  Bituminous  Materials. 

Vol.  6,  No.  6,  D-  8.  Tests  of  Three  Large-Sized  Reinforced- 
Concrete  Slabs  Under  Concentrated 
Loading. 

Vol  11  No.  10,  D-15.  Tests  of  a  Large-Sized  Reinforced-Con- 
crete  Slab  Subjected  to  Eccentric 
Concentrated  Loads. 


*  Department  supply  exhausted. 


00 
M 

at 


- 

■■9 

o 
< 

o 

H 
U 

& 

H 

05 

o 
o 

o 

o 


- 

OS 

- 
Q 

K 

- 

o 

CO 

& 
H 
<! 
H 
CO 

H 
S5 

W 
« 
OS 

p 


■ 

a 

-     4 

fl 

4 

-  3 

z   o   - 

-  o  z 

J    J    z 

ft. 
& 

«     3     Z 
-     O     < 
«     <D    H 

Z  X2 

£8 

a   -    x 
-o  I  > 

k  »  * 
z  z  z 

4     O     O 

z 

CO 

CO 

■ 
<     <     < 

a     *    * 
t    -    a 

J   o   o 

at 
-  4 

o   z  * 

J  35 

> 

4    O    (- 

*  z   z 

< 

z        o 

4          z 
a>   y   J 
-    z    > 
3-a 

a>       4 

I!i 

S  5  I 

i.l 

<     O   I 

£  S  > 

t-    -    o 

4             > 

o    z    > 
i   o  a 

4     O     Z 

J    w    z 

—  o  o 

-II 

O     3     3 

hj 

4    r- 
z    z   z 

cc    - 
-    to  o 
>   z    z   - 

i-  S  i  * 

ffl     ui     O     * 

1 

o 

<    <    < 

o  o  o 

O   U.    (J 

—  *  it 

21i 

lis 

z  z  z: 

z  z  o 

o  o  a. 

0C  CO  CO 

1-1-3 

>  >  * 

*  *  *  I 

« 

ro  m  to 
m  to  to 

o  o  ~* 

t  to  r- 

CD  CD  5 

-^0, 

CD  *»  to 
o  to  cy 

o  in  to 

MO)* 

•«  co  in 
U)  to  •* 

^  cd  m 
oi  —  cy 

o  m  in 
O  ■*  to 

CDI-t- 

-no 

32P 

CD  ro  O 

in  cd  cd 

cy  to  1 

Q  m  rO  00 
•3  cd  r-  in 

s 

II     -     <      -» 

O    <    J     o 

w   j  *  a. 
o   <    > 
z   a  <t    * 

to  *  o 

r-  t  m 

O  CD  O 
CD   CO   St 

ro  fO  tD 

Q  tO  rO 
rO  ^1   CU 

SSS 

O  O)  — 
^  ■»  r- 

r-  cm  ■* 

—  Tj  io 

S  ^  CM 

r-  CM  O 
--  CM  ro 

*r  -c  r- 
—  in  cd 

—  CD   CD 

—  CD  ID 

CO  ID  ro 
O  ro  CM 

!-  ro  r- 

3§3 

*  1-  ro  * 
co  cy  cy  cy 

t- 

tO  to  CD 

CD   t~   CO 

*  —  — 

—  CM 

O)  CD  S 

—  CD  CD 
t-  in  r> 

—  CD  CM 

f-  CD  CD 

ro  ^r  ro 

ir  cd  co 

^  CM  CD 

cd  m  ro 

CD   CD   * 

in  —  m 
io  ^r  to 

co  T  m 
cd  in 

rO  o  r- 
in  co  t~ 
cy  to  to 

CD  00  O 

Oifi- 

O  CM  CM 

■JftlT 

f-   CD  'f 

in       t 

m  cd  co 
cm  in  — 

U3 

ro  in  fo  to 

CM   T          O 

—  co  — 

ro  cy 

J 

_ 

_ 

—  ■* 

— 

ro 

—          CM 

—  — 

ro 

—       — 

T 

u.   u. 

**» 

J 

go  cj  m 

cu  *  id 

CD  CO  — 

ro  —  * 

r-  cd  to 

CO  tD  CD 

in  in  •- 

o  o  o 

CO  -  CO 

O.  r- 

CD   to   « 

r-  co  co 

O  tO  CD 

0>  CD   * 

CD  co  cy 

O   ID   CD   CD 

rO 
CD 

oi  *  co 

to  to  ro 

m  o  r- 

in  qd  Kt 

—  to  to 

SRR 

—  cd  in 

CM   5 

o  * 

8S£ 

cy-  o 

■*- - 

—  in  cm 

01  CM   * 

u 

rO 

u 

u 

*r  cm  to 

CM 

O 

v  in 

CM 

ID         IO 

CD  t-  f 

-.- 

CD 

u,a>^ 

in 

cy  — 

-,,-,„ 

o 

*t  o 

a 

£ 

£ 

cy  *  to 

CD 
CM 

tO 

—  to 

°     8 

O  CO  f- 

•O  — ' 

CM  * 

CD 

CD  in  CM 
—  t>  — 

in 

«.g 

CD  CD 

CM   O 

c 

z 

J 

*          CD 

CD  *  CO 

10   (D   CD 

ro  —  tr 

ro  't  to 

CD  ID  t- 

o  in  in 

m-  to  to 

CD  — 

CM  m  r- 

Otco 

to  cy  cd 

CD  CD  cy 

to  if)  o>  a> 

» 

~s? 

o  to 

■«   O  CM 

m  cm  cy 

CD  T   t-    — 

-   ro  O 

to  *r 

.-  CM  — 

o 

a 

cy 

S8S 

CD   CO   — 

o  5  CO 
CD  *  1- 

cm  in  e- 

C\l   —   CM 

KP^ 

8Si8 

P!88 

tO  Q  tO 
CM  ^  CO 

t-  p  to 
in  to  r- 

38 

8SS 

omt 
in  o  r- 

in  p  ■* 
m  o  r- 

i£i  ro  — 

co  go  CD 
ro  ■?  CD 

t-  t  —  p 

ID  CM  CD   CM 

s 

*  i-  in 

*  r- 

o  «-  to 

tO  rO  m 

cn  o  ro 

t   CD   CD 

tt  en  cd 

328 

to  O  r- 

S32 

«ss 

SSS8 

o 

*  s 

1   OW 

moat 

o  in  — 

o  ■*  — 

O  00  CM 

CO  to  to 

t- 

S3S 

Scm™ 

ro  CD  CD 

*j  m  — 

<  in  r» 

(O  to  00 

O  cd  ao 

52? 

CD  CO  Q  1- 

ro  to  OJ 
cm  <  in 

CM  *  — 

< 

u. 

» 

co  T  t- 

CD   CD  O 

—  CD  t 

10  CM  O 

CD  CD  t- 

if>  U-.    - 

t-  o 

r>  —  O 

O  O  !-• 

m  *  cy 

CD    *T   U) 

p  t  in 
O  to  o 

CD   CD   00 

ro  CD  00  CD 

lf)  CD  CD 

CD  fO  If  J 

CO   CD   fO 

CO  h-  to 

r)  CD  Ol 

—  cd  r> 

0)  o 

CD   ro   t 

O   If)   CD 

00  if)  O)   01 

o 

CD   t-    Q 
CM  O   if) 

t^  a  co 

—  CM 

in  —  cy 

T    ID   CD 

r-  «j  t 

cm  —  cy 

CO   CD   CD 

00   O   CD 

r-  o 

if)  O  to 

OOl  w 

CD  to  ^t 

tO   CD   O 

tO  iT   CD 

in  o 

CM  CD  CO 

in  oo  m 

O  O  ID 

ro   O   CO 

O  —  rO  CD 

cn 

ro  CM  CO 

tO  CD  if) 

—  m  t 

r-  co  q 

CD  in  CM 

to  in  to 

tt  cn  in 

lOOJt 

—  t  Ol 

CM  o  r- 

CD  r-  CD 

tM 

—  CM  — 

—  « 

—       m 

IT   ID 

«» 

J 

ro  y;  r- 

r-  to  V 

tD  CM  CD 

r-  0)  f- 

r-  cj  v 

O  1*-  tD 

t-  CD  0) 

O  to  * 

CD  CM  V 

O  f-  to 

--  t-  — 

CD  C-   1 

CM  —  — 

o  —  o 

oi  cd  m 

1-  t-  CD  CM 

0) 

iD  r-  o 

cd  in  ■«» 

CO  CM  rO 

CD  in  ID 

^  m  cm 

CD  •»  O 
tO  t-  CM 

iflQUD 

o  — 

—  CD  rO 

CD  »0  CM 

in  co  to 

ro  ro 

CM  —  to 

—  ro 

—  ro  cm 

o 

4 

< 

o>  to 

rO  CO 

o>  in  to 

**       in 

^ 

r* 

OiOl 

ID  0> 

o  ^  o 

1-  o 

ID  — 

o  — 

CO 

in  o 

m  to 

to  in  — 

to        ro 

OOlN 

tO  rO 

to  ro 

cm  in 

5 

-' 

z 

J 

V  CD  r- 

■v  o  * 

r-  i-  o 

to  O)  CM 

O  CM  * 

O  t»-  ID 

r-  to  co 

i-lOO 

OIOV 

O  CO  CD 

•-  ro  — 

m  t-  t 

CO  T  — 

O  O  IT- 

0)1*)* 

I-  r-  in  cm 

" 

01  to  o 

torn  t 
id  j)  n 

in  CD  r0 

CD  r- 

fO  CM  Q 

—  in  m 
cm  in  CM 

to  cn  cm 
CD  ro  CM 

^S3 

co  in  to 

§S8 

ro  to  rO 

CO    ^    CD 

CM  ro  O 

CD  Q  CD 

ID  r-  rO 

CD  (0  CM 

co  cd  in 

in  t-  (-  rO 

o 

I 

—  cy  cy 

01 

& 

z 
3 

*  m  CD 

CD   rO   — 

m  to  in 

tO  CD   CD 

£M  tD  CD 

CD  O  O 

CM   CD   O 

CD  CO  t- 

to  m  to 

«-  CM  O 

in  ro  r-  ro 

CD 

e 

CD  V   — 

ro  cm  o» 

a>  cm  co 

O  CO  — 

CD  —  O 

N. 

CD  to  fO 

m  t  ^ 

t-  CM  O 

ro  O  ¥ 

■^   CD   CD 

t-  cy  o 
CD  t-   O 

U      J 

en  in  cy 

a.  to  o 

r-  o  to 

■■»   r-  ro 

8SS 

§^2 

CO  CD  CD 

Q  m  CD 
9  r>  ro 

to  if)  00 

—  ro  cn 

Q  CD  — 
t  ro  m 

1-   01  o  CO 

o 

—  *  to 

CM  01  to 
cm  m  CD 

m  to  — 
en  <--  *» 

t-  CD 

tom 
ro  co  in 

CD   O   CD 
Q  ro  in 

t^  CO  CD 

O  m  cm 

S?g 

2S§ 

CD  O  CM 

in  r^  cd 

CD   tD   T 

cn  t  r- 
a>  -t  — 

CM  t-  CO 
rO    ■*    CM 

iss 

rO  Q  OJ 
cn  J)  cy 

—   O  ro 

Q  tO   T   O 

^  m  t-  cd 
cy  *j  n 

u  < 
b. 

CM  —  CM 

fO  CM 

—  cd  m 

cm  ry  cy 

CM 

CM  cy  CM 

&l  — 

—  t- 

—  -» 

to 

" 

-   ro   - 

—  — 

—  ro  — 

o 

o    o 

t-  O 

I 

-    J 
•-    4 

CD  —  CM 

CD  Q  CO 
CvJ  CM  o 

wt-c- 

CM  CM  O 

CO  C\J  CM 

KISS 

to  r-  cy 

?yi?S 

CM  tD  f 

cd  co  e- 

co  ro  CD 
CD  CD  ro 

npo 
O  to  O 

2?2 

T  to  — 

C-   Op   CD 

CO  CM  ro 

832 

883S 

01  O  — 

*T  t-  f- 

8X3 

CD   O   fO 

^  cm  to 
to  co  r-. 
cd  cd  in 

CO  ro  r- 
*  O  *» 
CD  o  in 

T   *    tD 

O  tD   CD 
CO  CD  CD 

—  tO  CD 
•*   to   CD 

O  ro  * 

tnO 

COQID 
ID   O  CO 

—  —  o 

ro  r-  l- 

t  r-m 

S   CD   S 

t  cy  ro 

OJ   CO   p   rO 

CD  O  O  t- 

3 

CO 

to  CO  CO 

CM  O  CD 

oo  cy 
r-  in  to 

82S 

itOlD 
CD   —  CD 

n  cn  m 

^  O  r- 

co  cd  m 

oun  oi 

rO   CD   CM 

o  —  P 

in  o  in 

—  CM  — 
CM  ■«  CD 

—  to 

'X  9  ^ 

CD   ID   CD 

O  —  CD 

cn  in  cn 
in  CM  CD 

t  CD  ro 
cy  cd  o 

ro  in  in 
—   «T  o 

OCOIQ 

-82 

*  V    T 

CO  — 

m  cy  — 

—  ro  — 

m  —  ro 

—  co  cy 

V  CO   — 

cy  •»   •<* 

cy  co  co 

2  5 

CO  ID  CM 

0)  *  m 

-^to 

m  to  — 

CM  CT>  CD 

OMD 

to  to  CO 

IDO- 

i-  —  r- 

CDtOro 

CM  —  ro 

co  r-  oo 

o> 

*  CD  CM 

CD   CO   ** 

—  to  t 

3S!S 

CD  CO  O 

CO  CM  — 

r-  cm  to 
cm  <  m 

S3S 

rO  O  to 

to  —  o 
m  oj  to 

to  o  in 
o  —  o 
—  O  ro 

CO  CM  CD 

cdcd"  iy 

—    t   CD 
CD   O   -» 

m  —  co 

r-  CD  c- 

rO  ro  CD 
—   tD  CD 

\n  t~  rO 

O   CD   00 

—  CO  r- 

o  to  1- 
CM  CM  (- 

CD  *  rO  CD 
O  •*  W)  ro 
CD  O  * 

•"         *~ 

■■ 

CM 

—  — 

Pj  cy  — 

w 

*-   K) 

*-  CM  — 

to  — 

—  •. 

•-  ro  — 

— *  — *  »-* 

— "cm" 

^ 

CO*—* 

_" 

8  = 

4 
Z 

4 

ft, 

ft. 

4 

m 

Z    o    - 

U 

> 

4 

3    Z    »- 

o  a  S 

■    I     z 

«  o  z 

iii 

«        a 

B    4     < 
<     O    I 
o    >    t 

z  z  z 

£8 

a    x 

x 

4     O    O 

J  <I    * 

u 

z 
o 

-I 

CO 

4    4    4 

«     O     I- 

(I     1     « 

—    < 

«  o 

<       z 

»>  «   « 

•    D     Z 

-  o  < 

U    40     Z 

2  2  S 

I :  t 

O  Q 

3           J 

—  o  o 

» 

4    •- 

2  S  < 

o  o  o 

*  -  a 

o   z    < 

*     3 

-   z   > 

U    „o 

1     X 

I    o   « 

U    I     I 

z   z   z 

o    -    - 

>   z    z    - 

j  o   a 
■4  <  « 

J  o  o 
a  u.  o 

<     J    o 
O    J    z 

o    <    u 

—  x  sr 

533 

z  z  z 

a   a   - 
z  z  o 

J      LJ      Z 

O  O  0. 

0  3     3 

1  o  o 
or  oi  to 

Z     K     4 

»-  r-  5 

Sua 

>  >  * 

m   m    o    * 

U     -     >     4 

■c   -c    *    I 

A*fl-^  t* 


AGRICULTURAL  REFERENCE  DEPARTMENT 

rj.v.u^n-Ki   nnT.T.-ffm?   ttpp^v 


ith ti 


" iiiiiiiiiiir 


ii rfiiil 


it. —     ...ii 


A  JOURNAL  OF  HIGHWAY    RESEARCH 


UNITED  STATES  DEPARTMENT  OF  AGRICULTURE 

BUREAU  OF  PUBUC  ROADS 


VOL.    9,    NO.    T 


V 


SEPTEMBER,    1928 


su 


NDAY  TRAFF.C   ON    ROCKY    R.VER    BRIDGE-CLEVELAND 


U.  S.  GOVERNMENT  PRINTING   OFFICS:  .929 


PUBLIC  ROADS 

A  JOURNAL  OF  HIGHWAY  RESEARCH 

U.  S.  DEPARTMENT  OF  AGRICULTURE 
BUREAU  OF  PUBLIC  ROADS 

Certificate:   By  direction  of  the  Secretary  of  Agriculture,  the  matter  contained  herein  is  published  as  administrative  information  and  is  required 

for  the  proper  transaction  of  the  public  business 

The  reports  of  research  published  in  this  magazine  are  necessarily  qualified  by  the  conditions  of  the  tests  from  which  the  data  are 

obtained.   Whenever  it  is  deemed  possible  to  do  so,  generalizations  are  drawn  from  the  results  of  the  tests;  and,  unless  this  is  done, 

the  conclusions  formulated  must  be  considered  as  specifically  pertinent  only  to  the  described  conditions 


VOL.  9,  NO.  7 


SEPTEMBER,  1928 


R.  E.  ROYALL,  Editor 


TABLE    OF    CONTENTS 

A  Study  of  Highway  Traffic  in  the  Cleveland  Regional  Area 
Field  Experiments  in  the  Curing  of  Concrete  Pavements 
Relation  between  the  Standard  Abrasion  Tests  for  Stone  and  Gravel 
Strength  Characteristics  of  Concrete  as  indicated  by  Core  Tests 


Page 

129 

139 
146 
148 


THE  U.  S.  BUREAU  OF  PUBLIC  ROADS 

Willard    Building,    Washington,    D.    C. 

REGIONAL   HEADQUARTERS 
Mark   Sheldon    Building,  San    Francisco,  Calif. 

DISTRICT    OFFICES 


DISTRICT  No.  1, 

DISTRICT  No.  2, 

DISTRICT  No.  3, 

DISTRICT  No.  4, 
Wisconsin. 

DISTRICT  No.  5, 
DISTRICT  No.  6, 


Oregon,  Washington,  and  Montana. 
Box  3900,  Portland,  Oreg. 

California,  Arizona,  and  Nevada. 

Mark  Sheldon  Building,  San  Francisco,  Calif. 

Colorado,  New  Mexico,  and  Wyoming. 
301  Customhouse  Building,  Denver,  Colo. 

Minnesota,    North     Dakota,    South     Dakota,  and 
410  Hamm  Building,  St.  Paul,  Minn. 

Iowa,  Kansas,  Missouri,  and  Nebraska. 

8th  Floor,  Saunders-Kennedy  BIdg.,  Omaha,  Nebr. 

Arkansas,  Oklahoma,  and  Texas. 

1 91 2  Fort  Worth   National  Bank   Building 
Fort  Worth,  Tex 


DISTRICT  No.  7,  Illinois,  Indiana.  Kentucky,  and  Michigan. 

South  Chicago  Post  Office  Building,  Chicago,  111. 
DISTRICT  No.    8,  Louisiana,  Alabama,  Georgia,  Florida,  Mississippi, 
South  Carolina,  and  Tennessee. 

Box  J,  Montgomery,  Ala. 

DISTRICT  No.    9,  Connecticut,  Maine,   Massachusetts,   New   Hamp- 
shire, New  Jersey,  New  York,  Rhode  Island,  and  Vermont. 
Federal  Building,  Troy,  N.  Y. 

DISTRICT  No.  10,  Delaware,  Maryland,  North  Carolina,  Ohio,  Penn- 
sylvania, Virginia,  and  West  Virginia. 

Willard  Building,  Washington,  D.  C. 
DISTRICT  No.  II,  Alaska. 

Goldstein  Building,  Juneau,  Alaska. 
DISTRICT  No.  12,  Idaho  and  Utah. 

Fred  J.  Kiesel  Building,  Ogden,  Utah. 


taftut  nn At T'  l  T      J  T  lthlf  publlC,ttlon  lt  wil1  be  impossible  to  distribute  it  free  to  any  persons  or 

n  SwTv  f    ,C°Unty  0fficialt aCtUa  ly  en§ased  in  planninS  or  constructing  public  highways,  instructors 

ime  nli  rTh^S  5?°^  '  T"  an,eXCnan*e  h™*>  and  Members  of  both  Houses  of  Congress.     At  the  present 
CJT     in        ,  i  .  u1St  °nlyi  aS  VaCanCieS  °CCUr-     0thers  desiring  to  obtain  Public  Roads  can  do  so 

Office  fehingTonDc"  ^  "        *"  *'"  *°  ^  SuPerintendent  of  Documents,  U.  S.  Government  Printing 


A  STUDY  OF  HIGHWAY  TRAFFIC  IN  THE  CLEVELAND 

REGIONAL  AREA1 

SYNOPSIS  OF  A  REPORT  ON  A  COOPERATIVE  INVESTIGATION  BY  THE  UNITED  STATES  BUREAU  OF  PUBLIC 
ROADS  AND  HIGHWAY  AUTHORITIES  OF  THE  CLEVELAND  AREA 

THE  present  highways  of  Cuyahoga  County,  Ohio, 
form  an  incomplete  highway  transportation 
system  for  the  free  and  direct  movement  of 
traffic,  which  is  primarily  a  movement  between  the 
suburban  centers  of  traffic  and  the  city  of  Cleveland, 
and  secondarily  between  the  centers  of  traffic  in  the 
suburban  areas  of  Cuyahoga  Count3r. 

Outside  the  cities  of  Cleveland  and  Lakewood  the 
survey  covered  654  miles  of  highways  in  Cuyahoga 
County,  which  have  been  classified  as  of  major,  medium, 
and  minor  traffic  importance.  Major  roads — those  on 
which  traffic  now  is  or  by  1937  will  be  over  1,800 
vehicles  a  day — comprise  291  miles.  Medium  traffic 
roads — those  which  now  carry  or  by  1937  will  carry 
between  700  and  1,800  vehicles  a  day — comprise  133 


The  remainder  of  the  principal  traffic  routes  (38  per 
cent  of  the  major-traffic  routes  and  47  per  cent  of  the 
medium-traffic  routes)  of  the  existing  system  are  in  an 
unsatisfactory  condition.  There  are  in  addition  a  con- 
siderable number  of  unimproved  gaps  in  the  present 
system  and  a  lack  of  arterial  routes  and  connections. 

A  number  of  major  causes  are  responsible  for  the 
present  unsatisfactory  condition  of  the  Cuyahoga 
County  system: 

1.  The  lack  of  a  common  plan  of  highway  improve- 
ment upon  which  all  agencies  responsible  for  road 
improvements  could  apply  concerted  action. 

2.  The  lack  of  a  common  plan  of  highway  improve- 
ment has  been  aggravated  by  the  absence  of  centralized 
authority   and  responsibility  for  road   improvements, 


Traffic  on  Carnegie  Avenue 


miles.  The  balance  of  the  mileage  is  of  minor-traffic 
importance.  Roads  in  this  class  now  serve  a  traffic  of 
400  vehicles  a  day  or  less  and  it  is  estimated  that  their 
traffic  will  not  exceed  700  vehicles  a  day  by  1937. 

UNSATISFACTORY  CONDITION  OF  ROADS  ATTRIBUTED  TO  SEVERAL 

CAUSES 

Of  the  major-traffic  mileage,  62  per  cent,  or  approxi- 
mately 179  miles,  is  now  in  satisfactory  condition  to 
serve  traffic  demands  during  the  next  10  years,  or  is 
under  contract  for  adequate  improvement.  Of  the 
mileage  of  medium-traffic  routes,  53  per  cent,  or  70 
miles,  will  be  satisfactory  for  the  10-year  period.  Only 
a  comparatively  small  mileage  of  minor-traffic  roads 
will  require  reconstruction  or  widening  during  the  period 
of  the  plan. 

i  The  final  report  is  now  being  prepared  for  publication  and  the  Bureau  of  Public 
Roads,  upon  request,  will  list  the  names  of  those  desiring  the  report  and  a  copy  ww 
be  forwarded  when  available. 

10284—28 1 


due  largely  to  the  statutory  division  of  responsibility 
between  the  county  commissioners  and  the  county 
surveyor,  and  the  situation  has  been  complicated  by 
the  constitutional  authority  of  municipal  corporations 
to   control   the  improvement  of  streets  within   their 

limits.  .     •     ,  •  ,        re 

3.  The  reconstruction  of  the  principal  arterial  traffic 
routes,  which  were  originally  constructed  for  light 
vehicle  traffic,  has  been  too  long  deferred.  Under  the 
constantly  increasing  volume  of  present-day  traffic  this 
policy  has  resulted  in  the  destruction  of  the  inadequate 
improvements  on  these  routes. 

4.  The  existing  arterial  routes  between  the  centers 
of  traffic  in  the  city  of  Cleveland  and  the  other  expand- 
ing centers  of  population  and  traffic  in  the  county  are 
not  sufficient  for  the  proper  distribution  of  traffic. 

5.  The  main-traveled  routes  of  Cuyahoga  County 
and  the  city  of  Cleveland  converge  and  unite  as  they 
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approach  the  central  section  of  the  city  and  create 
serious  problems  of  traffic  congestion. 

6.  Narrow  surfaces  on  various  sections  of  the  main 
arterial  routes  in  the  coimty  and  within  the  city  of 
Cleveland,  obstructions  to  the  free  movement  of  traffic, 
such  as  grade  crossings,  street-car  lines,  street-car 
loading  platforms,  parked  vehicles,  and  routes  travers- 
ing highly  developed  business  and  industrial  centers 
result  in  congested  traffic  sections  and  consequently  a 
low-traffic  capacity  on  these  main  thoroughfares. 

7.  Unimproved  or  unsatisfactorily  improved  sections 
of  the  main  arterial  thoroughfares  and  an  absence  of 
improved  connections  on  important  routes  between  the 
suburban  centers  of  traffic  have  resulted  in  a  partially 
disconnected  system  of  highways  and  the  resulting 
uneconomic,  indirect  movement  of  traffic. 

8.  Physical  obstructions,  particularly  the  river  val- 
leys, industrial  developments,  railroad  yards,  and  park 
area  restrictions,  have  materially  deferred  the  improve- 
ment of  present  routes  or  the  development  of  new 
routes  or  connections. 

INTERESTED    HIGHWAY    AUTHORITIES    AGREE    ON    COOPERATIVE 

PLAN 

Realizing  the  increasing  importance  of  the  highway 
problems  of  Cuyahoga  County  and  appreciating  the 
value  of  establishing  a  definite  plan  of  highway  im- 
provement to  serve  the  steadily  increasing  traffic 
demands  of  the  area,  the  commissioners  of  Cuyahoga 
County  requested  the  cooperation  of  the  Bureau  of 
Public  Roads,  United  States  Department  of  Agricul- 
ture, in  a  study  of  the  highway  and  traffic  problems  of 
the  county  and  in  the  establishment  of  a  scientific  plan 
of  highway  improvement. 

The  Bureau  of  Public  Roads  agreed  to  cooperate 
in  such  a  study  under  the  following  conditions: 

1.  That  the  study  include  the  area  in  which  traffic  conditions 
are  principally  controlled  by  the  city  of  Cleveland  and  surround- 
ing suburban  area  without  regard  to  political  boundaries  or 
jurisdictions. 

2.  That  all  governmental  agencies  in  the  area  having  jurisdic- 
tion over  highways  and  highway  traffic  cooperate  in  the  estab- 
lishment of  a  general  highway  development  plan  and  agree  to 
carry  this  plan  into  execution  when  established. 

3.  That  the  highway  studies  in  the  area  be  continued  over  a 
period  of  years  in  order  to  observe  the  effect  which  the  execution 
of  the  plan  will  have  upon  the  distribution  of  traffic  and  upon  the 
efficiency  with  which  traffic  is  served  by  a  modern  highway 
system. 

These  conditions  were  agreeable  to  the  interested 
highway  authorities  and  a  regional  committee  repre- 
senting the  highway  authorities  of  the  area  surround- 
ing Cleveland  was  organized  to  cooperate  in  the  work. 
After  a  preliminary  study,  the  area  selected  for  the 
highway  planning  survey  designated  as  the  Cleveland 
regional  area,  was  established  within  a  semicircle  of 
approximately  30-mile  radius  about  the  center  of  the 
city  of  Cleveland.  This  area  includes  Cuyahoga 
County  and  parts  of  Lake,  Lorain,  Summit,  Geauga, 
Portage,  and  Medina  Counties,  extending  in  each 
case  to  the  county  seat  of  these  counties.  It  also 
includes  the  principal  sources  of  Cuyahoga  County 
traffic  and  extends  to  approximately  the  limit  of  local 
service  between  Cleveland  and  its  tributary  area. 
Uniform  planning  for  the  area  as  a  whole  will  insure  the 
development  of  a  coordinated  system  of  highways  in 
the  several  counties  and  their  minor  subdivisions. 

Resolutions  agreeing  to  cooperate  in  the  establish- 
ment and  improvement  of  highways  as  determined  by 
the  survey  were  adopted  by  substantially  all  highway 
administrative  organizations  in  the  area.     The  cooper- 


ative survey  was  formally  approved  by  the  United 
States  Bureau  of  Public  Roads,  the  Ohio  State  Depart- 
ment of  Highways,  the  seven  boards  of  county  com- 
missioners, and,  within  Cuyahoga  County,  by  the 
cities  of  Cleveland,  East  Cleveland,  Cleveland  Heights, 
Lakewood,  and  42  villages  and  7  townships. 

The  cost  of  the  survey  was  shared  equally  by  the 
United  States  Bureau  of  Public  Roads  and  Cuyahoga 
County. 

Throughout  the  entire  survey  excellent  cooperation 
prevailed  among  all  governmental  agencies.  Each  of 
the  counties  furnished  complete  data  regarding  present 
highways  and  structures,  and  made  available  all  existing 
records.  Suggestions  as  to  required  improvements  of 
the  system  based  on  local  traffic  demands  were  also 
made  by  each  of  the  counties  and  in  Cuyahoga  County 
by  a  large  number  of  the  cities  and  villages.  The  offi- 
cials of  each  of  these  jurisdictions  manifested  intense 
interest  in  the  progress  of  the  work  and  furnished 
valuable  assistance. 

PLAN  OF  IMPROVEMENT  BASED  ON  COMPREHENSIVE  STUDY 

The  plan  of  improvement  for  the  highways  of  the 
Cleveland  regional  area  has  been  developed  from  the 
following  evidence : 

1.  Present  highway  traffic. 

The  daily  volume  of  passenger-car,  truck,  and  bus  traffic  on 
each  section  of  the  present  highway  system  was  determined.  A 
forecast  of  future  traffic  was  made  for  each  of  these  sections  for 
5,  10,  and  15  years,  and  each  section  was  classified  as  a  major, 
medium,  or  minor  traffic  route.  This  information  determined 
the  highway  planning  requirements  necessary  for  their  satisfac- 
tory improvement. 

2.  Distribution  of  highway  traffic. 

The  origin  and  destination  of  traffic  operating  between  the 
various  sections  of  the  area  was  analyzed  to  determine  the  neces- 
sity for  new  routes  or  connections,  and  is  the  basic  evidence 
supporting  the  plan  for  new  routes  and  connections. 

3.  Present  condition  and  estimated  life  period  of  existing 
surfaces  and  structures. 

Each  section  of  the  highway  system  was  inspected,  analyzed, 
and  classified  as  satisfactory  for  10  years,  salvable  as  sub-base  in 
place,  salvable  as  material,  or  of  no  value  for  reconstruction. 

Bridges  were  classified  as  satisfactory,  requiring  replacement, 
or  in  need  of  widening. 

Railroad  grade  crossings  were  classified  either  as  requiring 
separation  or  the  installation  of  modern  methods  of  warning  and 
protection  to  traffic. 

4.  Basis  of  determining  proper  width  of  surface  for  new  routes, 
present  highways,  and  structures. 

Traffic  capacity  analysis  of  various  surface  widths  ranging 
from  18  to  40  feet,  including  traffic  time  studies  and  studies  of 
the  transverse  distribution  of  traffic  on  the  several  classes  of 
surface  widths,  were  completed  on  the  principal  routes  to  deter- 
mine tfie  economic  width  of  surface  required  for  each  section  of 
highway. 

5.  The  present  type  and  width  of  surface,  width  of  right  of 
way,  and  maintenance  costs  for  each  route. 

6.  Studies  of  the  density,  distribution  and  trend  of  population, 
and  industrial  growth  in  the  cities  and  suburban  areas. 

7.  Special  studies  of  arterial,  lateral,  belt  and  by-pass  routes, 
relocation  of  sections  of  highway,  unimproved  gaps  in  the 
present  system,  time  studies  of  traffic  and  train  movement  at 
railroad  grade  crossings,  separation  of  grades  at  the  intersection 
of  heavy  traffic  routes,  and  topographical  and  hydrographic 
surveys. 

8.  Conferences  with  the  several  county  boards,  county 
surveyors,  and  with  the  officials  of  the  cities  and  villages  of 
Cuyahoga  County  to  receive  their  suggestions  and  plans  for  high- 
way improvement. 

9.  Detailed  studies  of  the  cost  of  construction,  using  surfaces 
and  structures  of  modern  design,  and  average  prices  of  con- 
struction in  the  region.  This  evidence  was  used  as  the  basis  for 
estimating  the  cost  of  the  planned  improvement. 

The  facts  which  have  resulted  in  the  final  plan  of 
improvement  were  assembled  and  analyzed  at  Wash- 
ington, independent  of  local  influence. 
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The  resulting  plan  of  new  routes  and  connections  of 
new  construction  on  existing  routes,  and  reconstruction 
and  widening  of  present  surfaces,  and  of  bridge  con- 
struction and  grade  separations,  has  been  approved  by 
the  United  States  Bureau  of  Public  Roads,  the  Ohio 
State  Department  of  Highways,  the  county  boards  of 
Cuyahoga,  Lake,  Lorain,  Summit,  Medina,  Geauga 
and  Portage  Counties,  the  city  of  Cleveland,  and  other 
cooperating  agencies. 

LARGE  VOLUME  OF  TRAFFIC  NOW  CARRIED  BY  PRINCIPAL  ROUTES 

Local  traffic,  particularly  between  Cleveland  and  its 
suburbs  and  between  the  larger  centers  of  population 
within  the  regional  area,  constitutes  the  bulk  of  the 
highway  traffic.  On  15  main  routes  in  Cuyahoga 
County  it  was  found  that  only  2.4  per  cent  of  the 
passenger-car  traffic  had  both  origin  and  destination 
outside  of  the  county  and  that  only  1.5  per  cent  was 


routes  will  solve  the  problem  of  the  distribution  of 
bunday  traffic  and  eliminate  the  congestion  which  pre- 
vails  during  peak  periods   on   Sunday   at   the   traffic 
bottle  necks." 

In  the  regional  area  the  hour  of  maximum  traffic 
occurs  on  Sunday  between  4  p.  m.  and  5  p.m.;  during 
this  hour  the  traffic  amounts  to  approximately  10  per 
cent  of  the  total  Sunday  traffic.  On  week  days  the  hour 
ol  maximum  traffic  is  between  5  p.  m.  and  6  p.  m. 
During  each  of  the  four  hours  between  4  p.  m  and  8 
p.  m  traffic  is  greater  than  during  the  maximum  morn- 
ing hour,  which  occurs  between  7  a.  m.  and  8  a.  m 
when  the  density  of  traffic  is  152  per  cent  of  that  of  the 
average  hour. 

Traffic  was  counted  at  973  points  on  the  roads  of  the 
regional  area  and  722  of  these  points  were  located  in 
Cuyahoga    County.     The    greatest    traffic    density2 


Traffic  on  Superior  High-Level  Bridge 


crossing  the  regional  area  between  outside  points.  On 
the  same  roads  it  was  found  that  3.7  per  cent  of  the 
passenger-car  traffic  was  composed  of  cars  owned  in 
counties  of  Ohio  outside  the  regional  area  and  4.7  per 
cent  of  cars  owned  in  States  othei  than  Ohio. 

United  States  Route  20  carries  the  largest  volume  of 
foreign  traffic,  i.  e.,  traffic  of  cars  registered  in  States 
other  than  Ohio.  On  Labor  Day,  the  day  of  maximum 
foreign  traffic  during  the  survey,  12  per  cent  of  the 
traffic  on  this  route  at  the  Rocky  River  Bridge  crossing 
and  on  Euclid  Avenue  at  Green  Road  was  of  this  class. 

Sunday  is  the  day  of  maximum  traffic  except  in  the 
business  section  of  the  city.  Sunday  traffic  is  propor- 
tionately greater  on  roads  of  low  traffic  density.  On 
roads  carrying  less  than  1,000  vehicles  on  an  average 
week  day,  the  Sunday  traffic  is  increased  to  approxi- 
mately 240  per  cent  of  the  week-day  volume.  On 
routes  carrying  between  5,000  and  10,000  vehicles,  the 
Sunday  traffic  increased  only  30  per  cent  over  the  week- 
day traffic.  A  considerable  part  of  the  Sunday  traffic 
seeks  the  less  heavily  traveled  routes  for  pleasure  trips. 

The  improvement  of  major  and  medium  traffic  routes, 
the  widening  of  major  routes,  and  the  creation  of  new 


recorded  was  on  the  Superior  high  level  bridge  in  Cleve- 
land where  the  average  daily  24-hour  traffic  was  56,000 
vehicles. 

Within  the  city,  traffic  on  the  main  arterial  routes 
was:  38,000  on  Carnegie  Avenue  at  East  Fifty-fifth 
Street;  33,000  on  Superior  Avenue  at  East  Fifty-fifth 
Street;  32,000  on  Bulkley  Boulevard  at  its  junction 
with  West  Twenty-fifth  Street;  28,000  on  Euclid 
Avenue  at  East  Fifty-fifth  Street  and  32,000  east  of  its 
junction  with  Superior  Avenue;  25,000  on  West 
Twenty-fifth  Street  at  the  junction  with  Broadview 
Road;  22,000  on  Woodland  Avenue  at  East  Fifth-fifth 
Street;  21,000  on  Broadway  at  East  Fifty-fifth  Street; 
16,000  on  Lorain  Avenue  at  Denison  Avenue;  and 
14,000  on  Detroit  Avenue  at  West  Twenty-fifth  Street. 

Table  1  shows  the  density  of  traffic  on  the  principal 
radial  routes  at  7,  10,  and  13  miles  from  the  Cleveland 
public  square.  Euclid  Avenue  and  Lake  Shore  Boule- 
vard are  the  heaviest-traveled  routes  at  and  beyond 
7  miles.  The  necessity  of  a  relief  route  in  this  territory 
is  apparent. 

2  Density  of  traffic  is  defined  as  the  number  of  motor  vehicles  passing  any  given 
point  on  a  highway  in  a  unit  of  time. 


132 


PUBLIC    ROADS 


Vol.  9,  No.  7 


Table  1. — Daily  24-hour  traffic  density  on  the  principal  radial 
routes  at  points  7, 10,  and  18  miles  from  Cleveland  public  square 


Traffic  at 
7  miles 

Traffic  at  10 
miles 

Traffic  at  13 
miles 

Road1 

Density 

Percent- 
age of 

truilic  ;it 
7  miles 

Density 

Percent- 
age of 

traffic  at 
7  miles 

22,  826 
17,  700 
11,403 
10,  616 
9,301 
6,324 
5,802 
5,470 
5,166 
4,453 
4,237 
4,073 
3,975 
3,886 
2,880 
2,590 
880 

10, 176 
12,  522 
5,177 
7,091 
5,444 
3,832 
4,114 
1,955 

45 
71 
45 
67 
58 
61 
71 
36 

8,614 
8,213 
2,447 
2,590 
3,371 
2,802 
3,535 

931 
1,469 

447 
1,065 
1,775 
1,030 

505 
1,879 
1,642 

483 

38 

46 

22 

24 

36 

44 

61 

17 

28 

1,909 
1,511 
2,039 
1,128 

778 
1,952 
2,122 

434 

43 

36 
50 
28 
20 
68 
82 
49 

10 

South  Woodland  Road 

25 

Miles  Avenue  .  .  

44 

State  Road 

26 

North  Woodland  Road 

13 

65 

63 

Ridge  Road ._  .-. 

55 

1  Center  Ridge  Road  and  Broadway  are  not  included  because  of  the  poor  condition 
of  the  highway  in  the  7-mile  zone. 

Those  roads  which  are  not  a  part  of  through  routes  or 
which  serve  sections  of  low  population  density  show  a 
much  more  rapid  decrease  in  traffic  volume  with  in- 
creasing distance  from  Cleveland.  St.  Clair  Avenue, 
Lorain  Avenue,  and  North  Woodland  Road  are  in 
this  class. 

In  several  cases  the  traffic  as  recorded  on  these  routes 
was  influenced  by  the  condition  of  the  routes  or  of 
parallel  routes  at  the  time  of  the  survey. 

The  present  zone  of  heavy  traffic  in  Cuyahoga  County 
corresponds  generally  writh  the  area  of  Cleveland  and 
the  important  suburban  development- — approximately 
within  the  limits  of  Clague  Road  on  the  west,  Pleasant 
Valley  Road  on  the  south,  and  Richmond  Road  on  the 
east.  Outside  of  this  area  large  volumes  of  traffic  are 
found  only  on  the  principal  arterial  routes  connecting 
Cleveland  with  adjacent  centers  of  population  such  as 
Akron,  Lorain,  Elyria,  and  Painesville. 

With  continued  suburban  development  this  zone  of 
heavy  traffic  will  expand  slowly,  but  the  change  dur- 
ing the  next  10  years  is  expected  to  be  primarily  an 
extension  along  the  present  main  arterial  routes  rather 
than  a  general  expansion  of  the  area. 

CONVERGING  ROUTES  RESULT  IN  SERIOUS  CONGESTION 

Principal  traffic  routes  radiate  from  any  center  of 
population  like  the  spokes  of  a  wheel,  the  routes  con- 
verging on  the  business  center  as  a  hub.  It  is  a  natural 
development  that  routes  should  come  together  as  a 
city  is  approached.  In  the  Cleveland  area,  traffic 
congestion  resulting  from  this  natural  convergence,  has 
been  intensified  by  the  topography  of  the  area  and  by 
the  absence  of  a  sufficient  number  of  connected  radial 
routes  in  and  adjacent  to  the  city 

The  most  serious  poirts  of  congestion  are  the  fol- 
lowing: 

1.  Euclid  Avenue  (United  States  Route  20)  east  of 
its  junction  with  Superior  Avenue,  which  forms  the 
main  traffic  artery  for  the  entire  northeastern  section 
of  the  area.  Average  daily  traffic  at  this  point  is 
32,300  vehicles. 

2.  Cedar  Glen  Road  at  the  Cleveland  city  line  where 
Murray  Hill  Road,  Euclid  Heights  Boulevard,  the  May- 
field-Kenilworth  connection,  Cedar  Road,  and  Fair- 
mount  Boulevard  converge,  producing  a  daily  traffic 
of  over  36,000  vehicles. 


3.  Woodland  Avenue  which  west  of  East  Fifty-fifth 
Street  carries  the  combined  traffic  of  Woodland  Ave- 
nue, Shaker  Boulevard,  Buckeye  Road,  and  Kinsman 
Road,  a  daily  traffic  of  22,000  vehicles. 

4.  Broadway,  which,  southeast  of  its  junction  with 
East  Fifty-fifth  Street,  carries  the  combined  traffic  of 
Broadway,  Turney  Road,  Warner  Road,  Miles  Avenue, 
East  Seventy-first  Street,  and  Union  Avenue,  a  daily 
traffic  of  approximately  21,000  vehicles. 

5.  West  Twenty-fifth  Street  at  the  Brooklyn- 
Brighton  Bridge,  which  carries  the  combined  traffic 
of  Wooster  Pike,  Brook  Park  Road,  York  Road,  Ridge 
Road,  State  Road,  Broadview  Road,  and  Schaaf  Road, 
a  combined  daily  volume  of  25,000  vehicles. 

6.  Rocky  River  Bridge,  where  West  Lake  Road, 
Detroit  Road,  and  Wooster  Road  converge,  producing 
an  average  daily  traffic  of  20,000  vehicles  and  a  Sunday 
traffic  of  28,000  vehicles. 

7.  The  high-level  bridge,  the  west  end  of  which 
is  at  the  convergence  of  Bulkley  Boulevard,  Detroit 
Avenue,  and  West  Twenty-fifth  Street,  into  which  has 
poured  the  traffic  of  Franklin  Avenue,  Fulton  Avenue, 
and  a  considerable  part  of  the  traffic  from  Lorain 
Avenue,  forming  a  daily  total  of  56,000  vehicles. 

Convergence  of  the  principal  traffic  routes  presents  a 
volume  of  traffic  which  is  far  in  excess  of  the  normal 
traffic  capacity  of  present  routes  coming  into  the  city. 
An  adequate  highway  system  must  provide  relief  for 
each  of  these  congested  sections  and  provide  solutions 
which  will  prevent  future  congestion.  The  most  satis- 
factory method  of  providing  such  relief  is  to  distribute 
and  diffuse  traffic  over  a  series  of  parallel  routes  and 
prevent  the  concentration  of  such  great  volumes  of 
traffic  on  a  comparatively  small  number  of  routes. 

The  alternative  solution  involves  the  widening  of 
existing  main  arteries  which  are  frequently  through 
areas  so  highly  developed  as  to  make  the  cost  of  widen- 
ing prohibitive. 

Full  use  should  be  made  of  available  right  of  way  on 
these  routes;  but  wherever  practicable  the  solution 
sought  is  to  develop  parallel  distributing  routes  either 
by  the  establishment  of  new  highways  or  the  develop- 
ment of  proper  connections  between  existing  routes  and 
completion  of  gaps  which  now  exist.  This  method  of 
solution  is  the  basis  of  the  plan  formulated  for  new 
routes  and  connections.  It  is  considered  best  both 
from  the  standpoint  of  effective  distribution  of  traffic 
and  cost  of  the  improvement.  In  the  case  of  each  of 
the  major  congested  sections  it  is  entirely  feasible  to 
develop  parallel  routes  to  the  center  of  the  city,  equally 
direct  and  equally  desirable  for  traffic  use.  For  those 
sections  requiring  more  than  one  relief  route  it  is 
practicable  to  develop  two  distributing  routes,  one  on 
each  side  of  the  congested  sections,  providing  new 
direct  routes,  and  relieving  congestion  on  existing 
routes. 

VARIOUS    OBSTRUCTIONS   IMPEDE    FLOW    OF    TRAFFIC    ON    MAIN 
ARTERIES 

In  addition  to  the  congestion  caused  by  convergence 
of  main  arteries  of  travel,  traffic  is  further  impeded  by 
various  obstruction  to  free  movement  such  as  inade- 
quate street  width,  street-car  lines,  parked  vehicles, 
cross  traffic  from  intersecting  routes,  and  local  business, 
commercial  or  amusement  developments.  The  traffic 
capacity  of  a  highway  is  fundamentally  dependent  on 
the  number  of  free  traffic  lanes,  and  the  capacity  of  an 
entire  route  may  be  greatly  reduced  by  a  relatively  short 
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section  on  which  the  number  of  traffic  lanes  is  less  than 
on  the  remainder  of  the  route. 

Wherever  a  main  arterial  route  passes  through  a  local 
business,  theatrical  or  other  amusement  area  the  park- 
ing problem  becomes  critical,  and  street  capacity  is 
reduced  by  slowly  moving  vehicles  such  as  cars  seeking 
a  parking  place  and  delivery  trucks.  These  conditions 
are  clearly  illustrated  on  Euclid  Avenue,  with  a  mini- 
mum roadway  of  50  feet,  equivalent  to  five  traffic  lanes, 
which  is  frequently  reduced  to  two  active  lanes  due  to 
street-car  loading  platforms  and  vehicle  parking.  In 
the  vicinity  of  the  East  One  hundred  and  fifth  Street 
business  and  theatrical  district  the  traffic  capacity  is 
materially  reduced  by  slowly  moving  local  traffic. 
Where  Euclid  Avenue  crosses  this  area  traffic  speed 
during  the  peak  hours  was  only  9  miles  per  hour  as 
indicated  by  time  studies. 

Main  traffic  arteries  crossing  important  rail  lines  at 
grade  results  in  a  marked  reduction  of  traffic  capacity 
of  the  route  as  well  as  constituting  accident  hazards. 

At  the  Lorain  Avenue  crossing  of  the  main  line  of  the 
New  York  Central  Railroad  the  crossing  is  blocked  20 
per  cent  of  the  time  between  7  a.  m.  and  7  p.  m.,  and 
over  30  per  cent  of  the  vehicles  using  this  heavily 
traveled  route  are  stopped  at  the  crossing  by  the  closing 
of  the  highway  for  train  movement. 

LARGE  INCREASE  IN   TRAFFIC   EXPECTED  IN   THE  NEXT   10   YEARS 

Unless  relief  is  provided  in  the  near  future,  conditions 
in  the  congested  sections  of  the  area  will  become  pro- 
gressively more  critical,  since  the  volume  of  traffic  is 
rapidly  increasing.  Studies  of  traffic  growth  over  a 
period  of  years  in  several  States  have  shown  that  the 
traffic  on  the  highways  of  an  area  increases  in  the  same 
ratio  as  the  increase  in  motor-vehicle  registration.  An 
analysis  of  population  growth  and  of  the  relation  of 
motor-vehicle  ownership  to  population — i.  e.,  persons 
per  registered  car — indicates  that  an  increase  in  traffic 
of  73  per  cent  may  be  expected  on  the  highways  of 
Cuyahoga  County  during  the  next  10  years. 

In  the  surrounding  counties  the  rate  of  increase  for 
the  10-year  period  is  expected  to  range  from  85  per  cent 
in  Summit  County  and  58  per  cent  in  Lorain  County  to 
17  per  cent  in  Geauga  County  and  13  per  cent  in 
Medina  County. 

DISTRIBUTION  OF  TRAFFIC  IN  THE  AREA  STUDIED 

To  determine  whether  present  roads  in  the  regional 
area  provide  direct  highway  service  between  important 
residential,  business,  and  suburban  areas  and  to  deter- 
mine the  approximate  location  of  new  routes  for  the 
relief  of  traffic  congestion,  it  was  necessary  to  know  the 
principal  sources  of  traffic  in  the  area.  The  planning 
survey  was  directed  not  only  toward  the  adequate  im- 
provement of  present  routes  but  also  toward  the  estab- 
lishment of  new  routes  and  the  coordination  of  all 
routes  so  that  traffic  would  travel  over  the  most  direct 
route  possible  and  with  the  least  possible  congestion 
and  loss  of  time. 

To  accomplish  this  purpose  passenger-car  traffic  was 
stopped  at  key  locations  on  the  principal  roads  and  a 
record  was  made  of  the  places  of  origin  and  destination 
of  each  trip.  Additional  information  was  also  noted 
concerning  the  route  followed ;  a  description  of  the  route 
traveled,  if  indirect,  and  the  reason  for  choosing  it; 
whether  the  trip  was  made  regularly  a  certain  number  of 
times  per  day  or  week;  and,  in  the  case  of  vehicles 
traveling  through  the  city  of  Cleveland,  whether  the 


driver  would,  if  proper  highway  facilities  were  pro- 
vided, prefer  to  avoid  driving  through  the  down-town 
business  section  of  the  city. 

The  places  of  origin  and  destination  were  recorded  by 
street  address  within  the  city  of  Cleveland  and  these 
were  subsequently  grouped  into  24  sections  within  the 
city.  In  Cuyahoga  County  outside  of  the  city  the 
records  were  classified  by  city,  village,  or  township. 
In  all,  82  distinct  areas  were  so  considered  in  Cuyahoga 
County.  Larger  sections  were  used  outside  of  Cuya- 
hoga County. 

In  the  analysis  of  these  trips  according  to  place  of 
origin  and  destination  it  was  found  that  traffic  was 
predominantly  local  in  character,  that  the  principal 
movement  of  traffic  in  Cuyahoga  County  was  between 
Cleveland  and  its  suburbs,  and  that  the  movement 
between  the  suburbs  themselves  was  small  in  volume 
when  compared  with  the  movement  of  traffic  into  and 
out  of  Cleveland. 

In  Cleveland  the  principal  section  of  source  and 
destination  of  traffic  is  the  down-town  business  district, 


Flow  of  Traffic  Is  Seriously  Obstructed  by  Stops  at 
Grade  Crossings 

the  area  bounded  by  East  Twelfth  Street,  Euclid 
Avenue,  and  the  Cuyahoga  River.  One-fifth  of  the 
total  traffic  between  the  entire  city  of  Cleveland  and 
its  suburbs  is  to  or  from  the  down-town  business  section. 
Over  21,000  cars  a  day  travel  between  this  section  and 
points  beyond  the  city  area  on  the  principal  traffic 
routes  and  this  total  would  be  still  greater  if  traffic 
over  the  less-important  roads  was  included. 

The  following  figures  indicate  the  volume  of  traffic 
between  the  more  distant  outlying  points _  and  the 
business  district  of  Cleveland:  Between  this  section 
and  Lake  County  and  points  east  there  is  an  average 
daily  traffic  of  2,100  cars  using  Lake  Shore  Boulevard 
or  Euclid  Avenue.  Between  points  west  of  the  Rocky 
River  and  operating  over  the  Rocky  River  Bridge  and 
to  the  downtown  district  there  are  over  1,200  cars  per 
day.  Between  the  business  district  and  points  south 
of  Brook  Park  Road,  there  is  a  daily  traffic  of  approx- 
imately 3,000  cars  operating  over  West  Twenty-fifth 
Street.  It  is  apparent  that  this  traffic  from  points 
outside  the  city  area  to  the  business  section  as  well  as 
traffic  to  other  central  sections  of  the  city  could 
advantageously  be  rerouted  over  new  routes  to  avoid 
congested  sections  of  roads  outside  the  city  and  streets 
within  the  city  proper. 
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WIDTH  OF  PLANNED  IMPROVEMENTS  BASED  ON  CAREFUL  STUDY 

The  highway  improvement  required  has  been  de- 
termined by  a  comparison  of  the  highway  demands 
resulting  from  present  and  expected  future  traffic, 
with  the  layout  and  physical  condition  of  the  existing 
highway  system.  Facts  concerning  the  present  high- 
way system  were  obtained  by  a  detailed  survey  of  each 
route  to  determine  the  type,  condition  and  width  of 
pavement  and  also  the  width  and  condition  of  all 
bridges  and  structures. 

On  the  basis  of  traffic-capacity  studies  it  was 
determined  that  the  traffic  capacity  of  a  two-lane 
roadway  under  open  road  conditions  at  a  traffic  speed 
of  25  miles  per  hour  is  approximately  10,000  vehicles 
per  day.  Under  suburban  conditions  with  a  limited 
amount  of  parking  adjacent  to  the  roadway,  and  a 
larger  volume  of  cross  traffic  and  local  traffic  the 
capacity  of  a  two-lane  roadway  is  reduced  to  approx- 
imately 8,000  vehicles  per  day. 

Routes  now  carrying  or  expected  to  carry  8,000  or 
more  vehicles  per  day  within  the  zone  of  Clague  Road, 
Pleasant  Valley  Road,  and  Richmond  Road  should 
therefore   be   planned   as   40-foot   roadways   to   serve 


A    Change   in   Width    of   Surface   at   Village    Limits 
Where  There  Is  a  Change  in  Jurisdiction 

four  lanes  of  traffic.  Routes  outside  of  this  zone 
carrying  or  expected  to  carry  in  excess  of  10,000 
vehicles  per  day  should  be  similarly  improved.  For 
those  routes  within  the  zone  of  Clague  Road,  Pleasant 
Valley  Road,  and  Richmond  Road,  not  expected  to 
carry  more  than  8,000  vehicles  daily  during  a  15-year 
period,3  a  two-lane  20-foot  surface  is  adequate,  while 
a  similar  surface  is  adequate  for  routes  outside  of  this 
zone  and  not  expected  to  carry  more  than  10,000 
daily  vehicles  during  the  next  15  years. 

PLAN  OF  HIGHWAY  IMPROVEMENT  OUTLINED 

The  plan  of  highway  improvement,  when  its  con- 
struction is  completed,  will  provide  satisfactory  high- 
way facilities  for  present  and  expected  future  traffic. 
Principles  of  economy  require  that  where  practicable, 
traffic  demands  should  be  met  by  the  improvement  of 
the  present  highway  system.  The  first  requirement 
of  the  plan  is  to  utilize  the  present  established  routes  to 
the  fullest  possible  extent.  This  involves  a  program 
of  widening  and  reconstruction  of  present  surfaces  and 

»  Highway  widths  are  established  on  the  basis  of  expected  traffic  for  a  15-year 
period  on  the  theory  that  roads  requiring  construction  or  reconstruction  should  be 
made  adequate  for  a  considerable  part  of  their  life  period.  The  established  plan 
covers  required  improvements  for  a  10-year  period  only,  but  the  roadway  width  on 
routes  requiring  improvement  during  the  10-year  period  is  made  adequate  to  serve 
traffic  for  a  15-year  period. 


structures  and  new  construction  on  established  routes. 
The  widening  program  consists  of  widening  present 
pavements  to  the  width  required  by  the  volume  of  pres- 
ent and  expected  future  traffic  or  to  the  width  possi- 
ble on  existing  or  obtainable  right  of  way. 

The  condition  of  the  surface  on  a  considerable  mileage 
of  present  routes  necessitates  reconstruction  as  well  as 
widening.  On  a  few  routes  where  present  width  is 
adequate  reconstruction  without  widening  is  essential. 
The  new  construction  program  on  established  highways 
involves  the  improvement  of  routes  or  sections  of 
routes  that  have  not  been  improved,  or  of  sections  on 
which  present  improvements  are  in  such  poor  condi- 
tion as  to  be  worthless  except  possibly  as  salvaged 
material. 

In  all  cases  the  proposed  width  is  determined  by 
traffic  demands;  the  type  of  improvement  by  the 
traffic  volume  and  composition  and  the  physical  condi- 
tion of  the  pavement.  On  the  highways  limited  to 
20-foot  pavement  width,  space  for  parking  vehicles, 
where  required,  must  be  provided  outside  of  the  20- 
foot  surface.  The  construction  program  is  shown  in 
Figure  1. 

In  each  of  the  counties  of  the  regional  area,  highway 
reconstruction  and  widening  has  been  in  progress  for 
some  time.  In  Cuyahoga  County  a  large  number  of 
vitally  necessary  reconstruction  and  widening  improve- 
ments on  the  main  arterial  routes  have  been  completed 
or  initiated  during  the  past  year.  The  following  are 
the  more  important  of  these  projects: 

Wooster  Road:   Rocky  River  Bridge  to  Lorain  Avenue. 
Center  Ridge  Road  :*  Wooster  Road  to  the  east  limits  of 

Dover  Village. 
Lorain  Avenue:  Rocky  River  to  the  Lorain  County  line. 
Wooster  Pike:  York  Road  to  the  Medina  County  line. 
State  Road:    Near  Ridgewood  Drive  to  the  Medina  County 

line. 
Brecksville  Road :  Rockside  Road  to  the  Summit  County  line. 
South    Miles   Road:   Warrensville    Center   to   the    Geauga 

County  line. 
North  Miles  Road :  Green  Road  to  Chagrin  Falls. 
South  Woodland  Road:  Warrensville    Center  Road  to  the 

S.  O.  M.  Center  Road. 
North  Woodland  Road:    Belvoir  Boulevard  to  the  S.  O.  M. 

Center  Road. 
Mayfield  Road:  Warrensville   Center  Road  to  the  Geauga 

County  line. 
Lee   Road:  Miles   Avenue  to  the  south    limits  of   Shaker 

Heights  village  and  Monmouth  Road  to  Superior  Road. 
Warrensville   Center   Road:  Mayfield    Road  to  the  south 

limits  of  Shaker  Heights  village. 

These  improvements,  initiated  prior  to  or  during 
the  period  of  the  cooperative  survey,  are  generally  in 
agreement  with  the  findings  of  the  survey,  and  reduce 
considerably  the  reconstruction  and  widening  program 
of  Cuyahoga  County  which  is  necessary  during  the 
10-year  period  of  the  plan. 

NEW  ENTRANCES  TO  THE  CITY  OF  CLEVELAND  PLANNED 

A  complete  highway  system  for  adequate  traffic 
service  requires  the  establishment  of  a  number  of  new 
routes  and  connections  between  present  routes.  Cer- 
tain sections  of  the  area  are  inadequately  served  by 
present  highways  owing  to  lack  of  direct  routes.  In 
other  sections  the  traffic  demand  exceeds  the  capacity 
of  existing  routes  even  after  proposed  improvements  of 
these  routes  are  completed.  In  these  areas  new  routes 
must  be  developed.  The  location  of  these  new  routes 
and  connections  is  shown  in  Figure  1.  In  each  case 
the  location  is  determined  (1)  by  traffic  density  and 
distribution  and  (2)  by  the  engineering  possibility  and 
practicability  of  development  on  the  proposed  locations. 
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LEGEND 

Highway  surfaces  satisfactory  for  ten  years 
New  construction,  reconstruction,  and 

widening  of  present  highway  surfaces 
New  routes  to  be  opened  and  improved 


^ffrafl 


Fig.  1. — Plan  of  Highway  Improvement  in  the  Cleveland    Regional  Area.     Bridges  and  Structures  for 

Grade  Crossing  Eliminations  Are  Not  Shown 


1.  One  of  the  most  important  of  these  proposed  new 
routes  is  an  east-west  arterial  highway  near  the  lake 
shore.  This  route  from  the  east  begins  at  a  junction 
of  United  States  Route  20  just  east  of  Painesville,  and 
runs  parallel  to  and  north  of  the  New  York  Central 
Railroad,  connecting  with  the  present  terminus  of  St. 
Clair  Avenue.  St.  Clair  Avenue  is  then  utilized  to 
Bliss  Road.  From  this  point  a  partial  new  right  of 
way  is  necessary,  using  parts  of  Waterloo  Road  and  the 
proposed  Grant  Boulevard  through  Bratenahl  and 
thence  through  Gordon  Park  to  an  overpass  with 
connections  to  East  Seventy-second  Street.  Thence, 
from  East  Seventy-second  Street,  a  lake-front  route  is 
planned  to  the  central  section  of  the  city  with  connec- 


tions to  East  Fifty-fifth  Street,  East  Fortieth  Street, 
and  East  Ninth  Street. 

From  East  Ninth  Street  the  route  extends  west, 
by-passing  the  business  section  of  the  city  with  connec- 
tions to  West  Third  and  Sixth  Streets  and  over  a  new 
high-level  bridge  in  the  vicinity  of  the  present  Main 
Street  Bridge  to  a  connection  with  Bulkley  Boulevard. 
From  this  point  present  highways  are  utilized  to  a 
location  on  Lake  Avenue  where  a  lake-front  crossing 
of  Rocky  River  to  a  connection  with  West  Lake  Road 
in  Rocky  River  Village  is  planned.  This  route  provides 
a  fast  arterial  route  to  the  center  of  the  city  from  the 
north-eastern  section  and  will  serve  as  a  relief  route  for 
Euclid  Avenue,  Superior  Avenue,  and  the  present  Lake 
Shore  Boulevard-St.  Clair  route. 
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On  the  basis  of  present  traffic  a  minimum  of  6,700 
daily  vehicles  would  have  used  the  eastern  section  of 
this  route  had  it  been  built  in  1927  and  a  minimum  of 
12,000  daily  vehicles  would  have  used  the  lake-front 
section  from  East  Seventy-second  to  East  Ninth  Street. 
The  proposed  Cuyahoga  and  Rocky  River  bridges  and 
connections  will  greatly  facilitate  movement  between 
the  west  side  and  the  public  square  and  east-side 
sections.  The  present  Main  Street  low-level  route 
crossing  the  Cuyahoga  River  valley  north  of  the  high- 
level  bridge  carries  7,000  vehicles  a  day,  and  clearly 
shows  the  influence  of  congestion  on  the  approaches  to 
the  Superior  high-level  bridge.  It  is  estimated  that  a 
minimum  of  5,000  daily  vehicles  will  use  the  Rocky 
River  crossing  and  18,000  daily  vehicles  will  use  the 
Cuyahoga  River  crossing  from  Bulkley  Boulevard  to 
East  Ninth  Street.  This  route  would  permit  a  direct 
movement  between  centers  of  traffic  on  the  east  side 
and  the  west  side  without  passing  through  the  con- 
gested public-square  section. 


Willow.  The  western  Valley  Road  branch  will  carry, 
on  the  basis  of  1927  traffic,  a  minimum  of  9,000  vehicles 
per  day,  the  eastern  branch  a  minimum  of  5,000  and 
the  elevated  section  north  of  the  fork  a  minimum  of 
14,000  vehicles  per  day  from  the  intersection  to  its 
Broadway  connection  at  Jefferson  Street. 

3.  A  third  major  project  involves  the  development  of 
a  depressed  highway  without  cross-street  connections 
from  the  present  terminus  of  Shaker  Boulevard  at 
Woodhill  Road  to  Broadway  in  the  vicinity  of  Pitts- 
burgh Avenue  and  East  Thirty-fourth  Street.  This 
project  will  afford  a  relief  route  for  Euclid  Avenue  and 
Carnegie  Avenue  on  the  north  and  for  Woodland  Ave- 
nue and  Kinsman  Road  on  the  south.  With  the  exten- 
sion of  Chester  Avenue  from  East  Fifty -fifth  Street  to  a 
connection  with  Euclid  Avenue  at  approximately  East 
One  hundred  and  seventh  Street  which  is  now  under 
way  by  the  city  of  Cleveland,  a  parallel  route  will  be 
provided  on  either  side  of  the  present  badly  congested 
routes,  Euclid  Avenue  and  Carnegie  Avenue. 


Vehicles  Parked  in  the  Down-Town  Section.     A  Large  Portion  or  These  Cars  Travel  Daily  to 

This   Section 


2.  The  most  important  new  route  south  of  the  city 
requires  the  development  of  an  arterial  route  through 
the  lower  Cuyahoga  River  Valley  with  branches  to 
both  the  east  and  west  sides  of  the  upper  valley,  thus 
providing  relief  routes  for  Broadway  on  the  east  and 
West  Twenty-fifth  Street  on  the  west,  two  of  the  most 
seriously  congested  approaches  to  the  business  center  of 
Cleveland.  This  project  involves  an  elevated  highway 
from  Broadway  at  Jefferson  Street  connecting  with  the 
proposed  similar  structure  at  this  location,  to  a  point 
south  of  the  present  junction  of  Independence  Road  and 
Campbell  Road.  At  this  point  the  proposed  route  forks, 
the  western  branch  going  across  the  valley  and  connect- 
ing with  Broadview  Road,  State  Road,  Pearl  Road, 
Brook  Park  Road,  and  tapping  all  the  important 
arterial  routes  from  the  south  and  west.  The  eastern 
Independence  Road  branch  connects  with  Washington 
Boulevard,  and  East  Forty-ninth  Street,  to  a  circular 
intersection  with  East  Seventy-first  Street,  Warner 
Road,  Granger  Road,  Brecksville  Road,  Canal  Road, 
and  the  proposed  Brook  Park  east-west  belt  line  at 


4.  A  fourth  major  project  is  the  completion  of  a  belt 
line  primarily  for  local  traffic  distribution  around  the 
city  of  Cleveland.  The  southern  belt  route  utilizes 
Brook  Park  Road  and  is  projected  eastward  from  ap- 
proximately Schaaf  Road  to  a  connection  with  East 
Seventy-first  Street,  Brecksville  Road,  Warner  Road, 
Canal  Road,  and  the  eastern  fork  of  the  proposed 
Cuyahoga  Valley  route  at  Willow,  thence  east  to  a 
connection  with  the  southern  terminus  of  East  Boule- 
vard, Lee  Road,  and  Warrensville  Center  Road  and 
via  Miles  Avenue  with  other  north-south  roads  east  of 
the  city.  The  western  Brook  Park  belt  route  is  pro- 
jected across  Rocky  River  to  a  connection  with  Spencer 
Road  and  thence  directly  west,  intersecting  the  impor- 
tant arterial  routes  of  this  section,  in  a  direct  line  to 
the  southern  part  of  the  city  of  Lorain.  On  the  west 
side  of  Cleveland,  Spencer  Road  is  projected  north 
from  its  connection  with  the  Brook  Park  belt  route  to 
West  Lake  Road  and  its  connection  with  the  Lake 
Front  Boulevard  route  to  the  east.  These  routes, 
Spencer  Road  and  the  western  extension  of  Brook  Park 
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Road,  Brook  Park  Road  and  its  eastern  connections 
and  the  series  of  parallel  routes,  East  Boulevard  in  the 
city,  Lee  Road,  Warrensville  Center  Road,  Richmond 
Road,  and  eastern  routes  form  a  complete  belt  line 
route  around  the  city  with  connections  to  all  important 
highways. 

This  belt  system  forms  an  ideal  by-pass  route  for 
local  and  through  traffic.  On  the  basis  of  1927  traffic 
the  Brook  Park  belt  route  across  the  Cuyahoga  River 
Valley  will  at  once  carry  a  minimum  of  6,600  vehicles 
between  the  west  and  east  sides  of  the  Cuyahoga  River 
Valley.  Approximately  one-half  of  this  traffic  will  use 
East  Boulevard  to  the  eastern  part  of  the  city  and  the 
other  half  will  use  Lee  Road  or  parallel  roads  to  the 
section  east  of  the  city.  Brook  Park  west  of  the  Rocky 
River  would  have  served  2,700  vehicles  a  day  had  it 
been  constructed  in  1927. 

5.  A  fifth  major  project  involves  the  development  of 
a  depressed  highway  in  the  Walworth  Run  Valley  from 
Clark  Avenue  at  West  Sixty-third  Street,  to  Scranton 
Avenue,  and  via  Scranton  and  the  Eagle  ramp  connec- 
tion at  Ontario  to  the  business  center  of  the  city. 
This  route  with  its  Clark  Avenue  connection  to  Lorain 
Avenue  will  afford  relief  to  Lorain  Avenue  and  also 
serve  a  large  volume  of  local  traffic  originating  in  the 
area  south  of  Lorain  Avenue  and  adjacent  to  West 
Sixty-third  Street. 

6.  Mayfield-Swperior  connection. — This  project  pro- 
poses a  direct  connection  from  May  field  Road  at  Taylor 
Road  to  Superior  Road  at  Euclid  Avenue.     This  con- 


A  Dangerous  Railroad  Crossing  Where  Separation  of 
Grades  is  Planned.  Note  the  Crosses  on  Right  Side 
of  Road 

nection  provides  a  direct  extension  of  Mayfield  Road 
and  will  serve  to  divert  part  of  the  Mayfield  Road 
traffic  north  of  the  badly  congested  sections  of  Euclid 
and  Carnegie  Avenues. 

7.  Detroit-Hilliard  connection. — This  project  involves 
a  connection  using  Westwood  Avenue  from  Detroit 
Road  to  Hilliard  Boulevard  and  Hilliard  Bridge.  It 
will  divert  traffic  from  Detroit  Road  and  Wolf  Boule- 
vard over  routes  south  of  the  Rocky  River  Bridge,  will 
relieve  the  traffic  congestion  at  the  Rocky  River  Bridge, 
and  with  the  lake  front  crossing  of  Rocky  River  will 
provide  parallel  routes  north  and  south  of  this  con- 
gestion point. 

8.  Warrensville  Center  relocation. — This  project  in- 
volves the  development  of  a  route  east  of  the  present 
location  of  Warrensville  Center  Road  from  Emery 
Road  to  a  projection  of  Northfield  Road  south  of 
Bedford.     It  will  eliminate  the  bad  approach  of  North- 
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field  Road  into  Bedford  and  substitute  a  route  without 
railroad  crossings  at  grade  for  the  present  route  as  well 
as  remove  the  main  traffic  route  from  the  business 
sections  of  Bedford  and  Warrensville. 

9.  South  Miles  relocation. —This  project  involves  a 
relocation  of  South  Miles  Road  from  Warrensville  to 


Industrial  Development  Presents  Serious  Obstacles 
in  the  Planning  of  Arterial  Routes 

Laing  Road  to  improve  its  location,  provide  adequate 
right  of  way,  and  eliminate  the  badly  located  crossing 
of  the  Erie  Railroad  in  Warrensville.  It  connects  with 
the  eastern  terminus  of  the  Brook  Park  belt  route  at 
Warrensville. 

10.  Hilliard  Boulevard. — The  connection  of  Hilliard 
Boulevard  with  the  section  now  under  contract  from 
Canterbury  Road  to  the  county  line  provides  a  parallel 
route  to  Center  Ridge  Road  (United  States  Route  20), 
the  most  heavily  traveled  western  approach  to  the 
city. 

11.  Warrensville  Center-Euclid  Avenue  connection. — 
This  project  involves  a  direct  northern  connection  from 
Warrensville  Center  Road  to  Euclid  Avenue  via  Noble 
Road,  Bluestone  Road,  and  Belvoir  Boulevard  to  a 
direct  connection  with  Euclid  Avenue  a  short  distance 
west  of  the  present  location  of  Green  Road.  It  will 
form  a  direct  northerly  connection  to  Euclid  Avenue 
and  provide  a  necessary  link  in  the  eastern  belt-line 
system. 

12.  Richmond- Euclid  Avenue  connection. — This  proj- 
ect involves  the  relocation  of  the  Richmond-Chardon 
Road  intersection  to  improve  alignment  and  provide 
a  direct  connection  to  Euclid  Avenue  for  north-south 
traffic,  intersecting  Euclid  Avenue  in  the  vicinity  of 
Two  hundred  and  sixtieth  Street. 

13.  Wolf  Boulevard. — This  project  forms  a  parallel 
relief  route  for  West  Lake  Road  to  the  Cuyahoga 
County  line  and,  with  its  connections  to  the  Spencer 
Road  belt-line  route  and  the  Detroit-Hilliard  Bridge 
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connection  permits  traffic  to  cross  Rocky  River  at 
either  the  new  lake  front  crossing  or  at  Hilliard  Bridge. 

14.  Powdermaker  Road. — This  project  forms  a  paral- 
lel relief  route  for  West  Lake  Road  in  Lorain  County 
connecting  the  proposed  new  high-level  bridge  in  the 
city  of  Lorain  with  Detroit  Road  in  Cuyahoga  County. 

In  addition  to  these  projects  a  number  of  relocations 
and  connections  between  the  present  and  proposed 
arterial  routes  are  planned  to  connect  all  routes  into  a 
correlated  traffic  distribution  system  for  the  area. 

RELIEF  PROVIDED  FOR  CONGESTION  AREAS 

The  proposed  new  routes,  supplemented  by  the  im- 
provements planned  for  existing  routes,  provide  relief 
for  each  of  the  serious  traffic  congestion  areas. 

1.  Superior  Avenue  and  Euclid  Avenue  beyond  the  junction 
with  Superior  Avenue  (United  States  Route  20). — Relief  for  this 
area  is  provided  by  the  Lake  Front-St.  Clair  extension  project, 
which  will  serve  as  an  unobstructed  direct  route  to  the  center 
of  the  city  and  permit  greater  utilization  of  Euclid  Avenue  by 
the  large  volume  of  local  traffic  produced  in  its  immediate  vicin- 
ity. A  number  of  connections  from  Coit  Road  to  Vine  Street 
in  Willoughby  permit  easy  interchange  of  traffic  between  the 
two  routes. 

2.  Euclid  Avenue  and  Carnegie  Avenue. — Relief  for  these 
routes  is  provided  to  the  north  by  the  Chester  Avenue  extension 
to  Euclid  and  the  Superior-MaySeld  connection,  and  to  the 
south  by  the  Shaker  Boulevard  extension  west  to  Broadway. 

3.  Woodland  Avenue. — Relief  for  this  route  is  provided  by  the 
Shaker  Boulevard  extension  in  the  city  and  by  the  eastern  ex- 
tensions of  Shaker  Boulevard  and  South  Moreland  Boulevard. 

4.  Broadway. — Relief  for  this  route  is  provided  primarily  by 
the  Brook  Park  belt-line  extension  connecting  with  the  Inde- 
pendence Road  branch  of  the  Cuyahoga  Valley  route  at  Willow. 

5.  West  Twenty-fifth  Street. — Relief  for  this  route  is  provided 
to  the  east  by  the  western  fork  of  the  Cuyahoga  Valley  arterial 
route,  which  laps  all  the  important  traffic  routes  from  the  south- 
west, and  to  the  west  by  the  proposed  bridge  over  Big  Creek  in 
the  vicinity  of  Brookside  Park  and  its  connection  with  Fulton 
Avenue  and  West  Forty-fourth  and  West  Forty -fifth  Streets  to 
a  connection  with  Bulkley  Boulevard  and  the  new  lake-front 
high-level  crossing  of  the  Cuyahoga  River. 

6.  Rocky  River  Bridge. — Relief  for  this  congestion  area  is 
provided  to  the  north  by  the  new  lake-front  crossing  and  to  the 
south  by  the  Detroit  Road-Hilliard  Bridge  connection  and  the 
improvement  of  the  routes  from  Hilliard  Bridge  to  the  center 
of  the  city. 

7.  Superior  high-level  bridge. — Relief  for  this  congestion  point 
is  provided  to  the  north  by  the  proposed  new  high-level  bridge 
and  connections,  in  the  vicinity  of  the  present  Main  Street 
bridge,  and  to  the  south  by  the  valley  arterial  route  and  the 
development  and  improvement  of  Columbus  Road  through  the 
Cuyahoga  Valley  from  its  West  Twenty-fifth  Street  and  Lorain 
Avenue  connections  to  St.  Clair  Avenue  at  West  Ninth  Street. 

COST  OF  IMPROVEMENT  PLAN  SUMMARIZED 

The  proposed  new  routes  not  only  afford  adequate 
relief  for  the  most  serious  present  congestion  areas  and 
open  new  unobstructed  arterial  routes  to  the  center  of 
the  city  in  the  sections  where  such  routes  are  badly 
needed  but  also  provide  necessary  connections  between 
existing  routes  and  between  existing  and  new  routes  in 
order  to  form  a  coordinated  traffic  distribution  system 
satisfactory  for  present  and  expected  future  traffic. 
The  completion  of  the  improvement  plan  for  present 
routes  and  the  establishment  and  improvement  of  the 
proposed  new  routes  and  connections  will  provide  a 
system  of  arterial,  belt-line,  lateral,  and  distributing 
routes  which  will  permit  traffic  originating  in  any  sec- 
tion of  the  area  to  move  to  its  destination  by  a  relatively 
direct  and  unobstructed  route.  The  new  routes  are 
planned  without  railroad  crossings  at  grade  and  the 
plan  also  includes  the  elimination  of  the  most  serious 
grade  crossings  on  existing  routes  and  protection  on 
minor  traffic  routes.  Provisions  are  also  made  for 
separation  of  grades  at  highway  intersections  and  for 
circular  intersections  on  the  new  routes. 


After  the  establishment  of  the  general  location  of  each 
of  the  new  routes  was  completed,  a  careful  location 
reconnaissance  survey  was  made.  In  each  case  the 
location  established  provides  a  feasible  and  practicable 
location  for  the  proper  development  of  the  route. 

Table  2  summarizes  the  approximate  mileage  of  the 
plan  of  highway  improvement,  bridges  to  be  improved, 
and  railroad  grade  crossings  to  be  eliminated. 

Table  2. — Summary  of  the  10-year  plan  of  improvement 


Item 


New  routes  to  be  established: 

40-foot  pavements 

20-foot  pavements 

Total -- 

Present  highways: 

New  construction— 

40-foot  pavements 

20-foot  pavements 

Reconstruction  and  widening — 

40-foot  pavements 

20-foot  pavements 

Total.. 

Grand  total 

New  bridges  (exclusive  of  new  routes) 
Replacement  and  widening  of  bridges 

Total 

Grade  crossings  to  be  eliminated  ' 


Cuya- 
hoga 
County 


Miles 
52.0 
34.2 


Regional 
area  ex- 
clusive of 
Cuya- 
hoga 
County 


Miles 
15.8 
25.4 


41.2 


Tota 


Miles 
67.8 
59.6 


127.4 


5.4 
26.4 


53.5 
109.1 


194.4 


0 

44.4 


27.2 
201.5 


273.1 


280.6 


314.3 


Number 

Number 

1 

3 

0 

17 

20 


27 


5.4 

70.8 


80.7 
310.6 


467.5 


594.  9 


Number 
4 
17 


1  New  bridges  and  grade  separations  on  new  routes  are  included  in  the  estimated 
cost  of  the  new  routes  but  are  not  included  in  the  number  of  grade  crossings  or  bridges 
listed  in  this  table. 

The  estimated  cost  of  construction  of  the  entire  plan, 
including  new  routes  and  structures,  and  new  con- 
struction, reconstruction,  and  widening  on  present 
routes,  but  exclusive  of  right-of-way  acquisition  and 
property  damage  costs  is  $63,078,000. 

The  summary  by  counties  is  given  in  Table  3. 

Table  3. — Total  estimated  construction  cost 


County 

Roadway 

Structures 

Total 

Cuyahoga ._ 

$17,  552, 000 
3,  785,  000 
3, 705,  000 
2, 322,  000 
906,  000 
2,  548,  000 
1,  337,  000 

$23,  651,  000 
4, 202,  000 
1,  204,  000 
1,  064,  000 

IS,  11(10 

596,  000 
158,  000 

$41, 203,  000 
7, 987,  000 
4  90'  1  (100 

Lake 

Lorain _.  ... 

Summit 

3  386  000 

Geauga^ 

954,  000 
3  144  00(1 

Portage 

Medina 

1  495  000 

Total 

32, 155,  000 

30,  923, 000 

1  63,  078,  000 

1  Of  the  above  amounts  the  cost  of  new  routes  and  structures  on  these  new  routes 
in  Cuyahoga  County  is  $26,300,000  and  in  the  six  adjacent  counties  $5,189,000. 

A  highway  budget  has  been  prepared  for  each  county 
and  the  cost  distributed  over  the  10-year  period  and 
the  improvement  projects  are  programmed  in  the  order 
of  their  traffic  importance.  It  is  planned  to  provide 
for  the  continuous  improvement  of  each  route  so  as 
to  make  these  improvements  available  for  use  in  the 
shortest  possible  time,  and  to  prevent  unnecessary 
traffic  obstruction  due  to  the  simultaneous  improve- 
ment of  parallel  routes. 

The  estimated  10-year  budget  to  provide  for  the 
total  improvement  plan  is  well  within  the  financial 
ability  of  the  several  counties. 

(Continued  on  p.  152) 


FIELD  EXPERIMENTS  IN  THE  CURING  OF  CONCRETE 

PAVEMENTS 

REPORT  ON  COOPERATIVE  EXPERIMENTS  CONDUCTED  BY  THE  MARYLAND  STATE  ROADS  COMMISSION 

AND  THE  UNITED  STATES  BUREAU  OF  PUBLIC  ROADS  COMMISSION 

Reported  by  F.  H.  JACKSON,  Engineer  of  Tests,  and  GEORGE  WERNER,  Senior  Scientific  Aid,  Division  of  Tests,  Bureau  of  Pub.ic  Roads 


DURING  the  summer  of  1926  the  Maryland  State 
Roads  Commission,  in  cooperation  with  the 
United  States  Bureau  of  Public  Roads,  began  a 
series  of  field  experiments  on  the  Crain  Highway  be- 
tween Baltimore  and  Marlboro,  Md.,  for  the  purpose 
of  obtaining  data  regarding  the  use  of  sodium  silicate 
and  calcium  chloride  as  substitutes  for  wet  earth  in 
curing  concrete  pavements.  This  paper  presents  the 
results  of  all  compressive  and  transverse  strength  tests 
which  have  been  made  in  this  investigation,  together 
with  a  discussion  of  the  behavior  of  the  various  test 
sections  as  indicated  by  crack  surveys  and  detailed  ob- 
servation of  surface  conditions. 

This  series  of  tests  is  a  unique  field  investigation  so 
far  as  the  authors  are  aware,  in  that  compression  and 
transverse  tests  were  made  at  very  early  ages  on  speci- 
mens formed  by  placing  the  molds  in  large  slabs  cast  at 
the  side  of  the  road  so  that  the  test  specimens  could  be 
easily  taken  from  the  slabs  after  any  desired  period  of 
curing.  The  testing  of  pavement  concrete  heretofore 
has  been  confined  largely  to  tests  of  specimens  (either 
beams  or  cylinders)  cast  alongside  the  road,  or  the  test- 
ing of  cores  drilled  from  the  completed  pavement.  In 
this  case  it  was  desired  to  secure  data  as  to  the  early 
strength  of  the  concrete,  obtained  from  specimens  cured 
under  conditions  as  nearly  as  possible  identical  with  the 
conditions  under  which  the  pavement  itself  was  cured. 
The  method  of  molding  the  specimens  in  large  concrete 
slabs  cast  alongside  the  pavement  and  cured  in  exactly 
the  same  manner  as  the  pavement  seemed  the  nearest 
approach  to  this  ideal  condition. 

The  two  proposed  methods  of  curing  concrete  which 
are  herein  discussed  have  been  quite  actively  pro- 
moted during  the  past  few  years,  principally  on  the 
grounds  that  they  are  more  easily  controlled  and  at  the 
same  time  are  just  as  effective  as  the  usual  wet-earth 
method. 

Owing  to  the  difficulty  of  securing  complete  enforce- 
ment of  the  conventional  specification  for  water  curing 
on  the  avergae  job,  it  seems  advisable  to  investigate 
the  efficiency  of  any  proposed  method  which  is  ob- 
viously more  easily  controlled  and  possibly  just  as 
economical  as  the  conventional  process.  Water  curing 
requires  an  extensive  wTater  line,  as  well  as  an  inspector, 
constantly  on  the  job  to  see  that  the  pavement  is  kept 
wet  for  the  specified  period,  whereas  in  the  case  of  the 
two  substitute  methods  considered  in  this  report,  the 
pavement  requires  no  attention  subsequent  to  the 
initial  treatment.  Granting  then,  the  desirability  of 
these  substitute  methods  from  the  standpoint  of  con- 
trol, it  remains  to  determine  whether  either  or  both  are 
as  efficient  as  the  usual  method  and  it  was  for  the  pur- 
pose of  throwing  light  on  this  question  that  the  follow- 
ing experiments  were  carried  out. 

TEST  SECTIONS  DESCRIBED 

The  field  experiments  consisted  of  two  test  sections 
of  concrete  pavement  on  the  Crain  Highway  in  Mary- 
land, beginning  at  a  point  just  south  of  its  intersection 


with  the  Defense  Highway  at  Priests  Bridge.  Each 
section  was  approximately  2Y2  miles  in  length  and  was 
divided  into  three  subsections  of  approximately  equal 
length,  one  of  which  was  cured  by  means  of  wet  earth, 
one  by  means  of  sodium  silicate,  and  one  by  means  of 
a  calcium  chloride  admixture.  The  construction  of  the 
earth-cured  and  sodium  silicate-cured  subsections  of 
the  first  test  section  was  begun  May  10  and  completed 
June  14,  1926.  The  calcium  chloride-cured  subsection 
of  the  first  test  section  was  constructed  between  August 
30  and  September  15,  1926.  The  second  test  section, 
each  third  of  which  was  cured  by  one  of  the  three 
methods,  was  begun  October  11  and  finished  November 
13,  1926. 

The  test  sections  were  laid  in  accordance  with  the  J 
standard  specification  requirements  of  the  Maryland" 


Applying  Sodium  Silicate  Solution  to  Surface 

State  Roads  Commission  except  for  the  special  curing 
features  involved.  The  pavement  was  15  feet  in 
width,  with  a  6-8-6  cross  section  and  was  laid  on  a 
flat  subgrade.  The  subgrade  in  general  was  fairly 
uniform,  consisting  essentially  of  a  loamy  sand-clay, 
with  the  exception  of  a  short  stretch  of  sand  at  the  be- 
ginning of  the  first  section.  The  concrete  was  approxi- 
mately a  1 :2 :4  mix,  field  volumetric  proportions,  the 
cement  factor  being  maintained  at  6  bags  per  cubic 
yard  of  finished  concrete.  A  single  standard  brand  of 
Portland  cement  passing  all  requirements  was  used 
throughout.  The  results  of  physical  tests  on  samples 
of  this  cement  are  given  below: 

Fineness,  percentage  retained 15.  2. 

Initial  time  of  set 3  hours  40  minutes. 

Final  time  of  set 5  hours  55  minutes. 

Soundness 0.  K. 

Normal  consistency, 'percentage 23.8. 

Tensile   strength    1:3   mortar,    pounds   per 
square  inch: 

At  7  days 305. 

At  28  days 400. 

A  finely  graded  sand  from  a  local  pit  (see  second 
tabulation)  was  used  in  both  test  sections.     Due  to  its 
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fineness,  it  gave  a  very  smooth  "velvety  "  concrete.  The 
coarse  aggregates  employed  in  the  test  sections  were 
river  gravels  containing  about  20  per  cent  of  crushed 
fragments.  That  used  in  the  first  section  was  very 
coarsely  graded,  ranging  from  a  maximum  size  of  about 
Zy<i  inches  to  one-fourth  inch,  with  the  intermediate 
grading  varying  considerably  from  stock  pile  to  stock 
pile.  The  gravel  in  the  second  test  section  was  much 
more  uniform  in  grading  and  ran  from  about  2  inches 
down  to  one-fourth  inch. 

Mechanical  analysis  of  sand: 

Percentage  retained  on—      Sample  A  i      Sample  B  J      Sample  c  » 

10-mesh  sieve 0  0.5  0.5 

20-mesh  sieve 1  1.5  1.5 

30-mesh  sieve 8  10.5  11.5 

40-mesh  sieve 18  34.0  35.5 

50-mesh  sieve 73  82.0  79.5 

100-mesh  sieve 96  98.5  98.5 

200-mesh  sieve 97  99.  5  99.  5 

Percentage  of  silt  and  clay 1.6  

1  Sampled  and  tested  by  Bureau  of  Public  Roads.    Tested  Apr.  15,  1926. 

2  Sampled  and  tested  by  Maryland  State  Roads  Commission.    Tested  May  25, 
1926. 

3  Sampled  and  tested  by  Maryland  State  Roads  Commission.    Tested  Sept.  3, 
1926. 

Finishing  was  done  by  hand  in  accordance  with  the 
usual  practice  obtaining  in  the  State,  which  consists  of 
first  striking  the  concrete  with  a  heavy  metal  template, 
followed  by  a  transverse  wood  float  and  rubber  belt. 


Mixer  Equipped  with  a  Device  Built  by  Contractor 
for  Charging  Each  Batch  with  Correct  Amount  of 
Calcium  Chloride  Solution 

curing  methods  described 

The  method  of  wet-earth  curing  was  similar  to  that 
usually  employed.  The  concrete  was  covered  with 
wet  burlap  as  soon  after  finishing  as  possible.  The 
burlap  was  subsequently  sprinkled  if  necessary  and 
was  allowed  to  remain  in  place  until  the  following  day, 
when  it  was  removed  and  the  pavement  immediately 
covered  with  2  inches  of  earth.  This  was  kept  con- 
tinuously wet  for  about  7  days  and  was  finally  removed 
at  the  end  of  21  days,  when  the  pavement  was  opened 
to  traffic.  As  the  curing  on  this  job  was  constantly 
under  the  supervision  of  an  inspector,  it  was  perfectly 
done,  which  is  not  always  true  of  the  average  earth- 
curing  job. 

On  the  sodium  silicate  subsection  wet  burlap  was 
applied  in  the  same  manner  as  on  the  earth-cured  sec- 
tion. The  next  morning  it  was  removed  and  the 
sodium  silicate  applied.  The  manufacturer's  sugges- 
tions regarding  the  use  of  sodium  silicate  were  followed, 
and  for  this  experiment  a  commercial  42.5°  Baume 


product  was  furnished  having  a  nominal  soda-silicate 
ratio  of  1  to  3.25.  A  solution  of  3  parts  sodium  silicate 
to  1  part  water,  was  prepared  by  thorough  mixing  in  a 
barrel.  This  was  spread  upon  the  concrete,  and 
squeegeed  over  the  surface  with  soft-fiber  brooms. 
The  solution  was  applied  at  the  rate  of  1  pound  of  con- 
centrated solution  to  1  square  yard  of  pavement  surface. 
In  the  case  of  the  subsections  cured  with  calcium 
chloride,  2  pounds  of  75  per  cent  flake  calcium  chloride 
per  sack  of  cement  were  mixed  integrally  with  the  con- 
crete, a  device  being  used  for  measuring  the  required 
amount  of  calcium  chloride  solution  and  charging  it 
into  the  mixer  at  the  time  the  water  was  added.  Wet 
burlap  was  applied  to  the  finished  surface  as  soon  as 
possible,  and  removed  the  following  day.  No  further 
curing  treatment  was  given. 

TEST    SLABS     CONSTRUCTED     UNDER     CONDITIONS     SIMILAR     TO 
THOSE  OF  ROAD  SURFACE 

Slabs  were  constructed  at  intervals  along  the  road  and 
about  3  feet  from  the  edge  of  the  pavement.  These 
slabs  were  for  the  purpose  of  casting  test  cylinders 
from  which  strength  data  could  be  obtained  at  early 
periods.  This  was  considered  more  practical  than 
casting  cylinders  in  the  road  slab  proper,  which  would 
have  required  a  great  deal  of  care  to  prevent  displace- 
ment of  the  molds  when  the  concrete  was  discharged 
from  the  mixer,  and  would  probably  have  interfered 
with  the  progress  of  the  work.  Cores  could  also  be 
conveniently  drilled  from  the  test  slabs  cast  in  this 
manner.  Each  slab  was  cured  in  exactly  the  same 
manner  as  the  adjacent  pavement.  Seven  slabs  were 
cast  for  each  subsection,  with  the  exception  of  the 
calcium-chloride  and  wet-earth  subsections  of  the 
second  test  section  where  only  five  slabs  were  cast  in 
each  case. 

The  test  slabs  on  the  first  section  were  3  by  12  feet 
by  8  inches  deep.  Before  filling  the  wooden  forms  for 
a  slab,  the  subgrade  was  tamped  and  wetted,  then 
finished  to  a  constant  depth  of  8  inches.  Six  cylinders 
were  cast  in  each  test  slab.  The  molds  for  test  cylinders 
consisted  of  two  parts:  An  inner  slotted  wrought-iron 
shell  having  an  inside  diameter  of  approximately 
6  inches,  a  length  of  8  inches  and  a  shell  thickness  of 
one-quarter  inch,  and  an  outer  loosely-fitting,  gal- 
vanized, 20-gauge  sheet  metal  shell  10  inches  in  length. 
After  assembling  the  two  parts  of  the  molds,  they 
were  placed  upright  on  the  subgrade  within  the  forms 
and  approximately  on  the  longitudinal  center  line  of 
the  test  slab.  The  top  of  the  inner  shell  was  placed 
one-quarter  inch  below  the  level  of  the  top  of  the  forms 
and  one-half  inch  above  the  top  of  the  sheet  metal  shell 
which  was  driven  about  2%  inches  into  the  subgrade. 
A  coating  of  heavy  grease  between  the  two  molds 
facilitated  removal  of  the  iron  cylinder  and  a  layer  of 
grease  at  the  top  of  the  outer  mold  sealed  the  space 
between  the  two,  preventing  any  leakage  of  mortar 
which  would  have  made  removal  difficult.  Slots  at 
the  top  of  the  iron  mold  made  possible  its  removal  by 
chiseling  through  the  one-half  inch  layer  of  concrete 
and  then  prying  it  out  with  two  pinch  bars  bent  at 
an  angle  of  45°.  One  person  could  remove  these  molds 
without  difficulty. 

The  slab  forms  for  the  second  test  section  had  the  same 
inside  dimensions  as  those  on  the  first,  but,  in  addition  to 
the  6  cylinders,  beams  6  by  6  by  36  inches  were  formed 
by  using  transverse  spacers.  To  get  the  desired  depth 
of  beam  it  was  necessary  to  place  in  the  bottom  of  the 
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form  2  inches  of  earth  which  was  compacted  and 
smoothed  so  as  to  give  a  smooth  surface  on. the  bottom 
of  the  beams.  All  cylinders  and  beams  for  test  within  30 
days  were  cast  in  the  test  slabs.  Cores  6  inches  in 
diameter  were  drilled  from  the  test  slabs  for  all  tests  at 
later  periods. 

Concrete  was  discharged  directly  from  the  paving 
bucket  into  the  form.  Usually  two  H-cubic-yard 
buckets  or  one  1-cubic-yard  bucket  gave  enough  con- 
crete to  fill  the  slab  form  with  a  small  excess  which  was 
shoveled  back  into  the  road. 

Two  methods  of  filling  the  cylinder  molds  were  used. 
On  the  first  section  the  molds  were  filled  in  two  layers, 
each  layer  being  rodded  25  times.  Those  of  the  second 
section  were  filled  in  one  operation,  and  rodded  25  times. 
This  was  found  to  be  sufficient  as  excess  rodding  pushed 
the  coarse  aggregate  to  the  bottom  of  the  cylinder  and 
brought  excess  mortar  to  the  top.  The  beams  made  on 
the  second  section  were  formed  in  two  layers,  each  layer 
being  rodded  25  times.  This  was  done  to  prevent 
honeycombing. 

An  attempt  was  made  to  make  the  consistency  of  each 
test  slab  the  same  as  the  average  of  the  day's  run. 
However,  as  the  consistency  of  the  concrete  on  this  job 
varied  through  quite  a  wide  range,  as  shown  by  hourly 
slump  tests,  this  result  could  not  be  satisfactorily 
attained.  Variation  in  moisture  content  of  the  fine 
and  coarse  aggregate,  as  well  as  variation  in  grading  of 
the  coarse  aggregates,  partly  explain  this  range  in 
consistency.  Faulty  water  valves  on  the  mixer  also 
contributed  to  the  difficulty  of  obtaining  a  uniform 
consistency.  These  variations  in  consistency  are  in- 
dicated in  Table  1. 

Table  1. — Results  of  slump  tests  for  consistency  on  test  slabs 


Slab  No. 

Slumps 

recorded 

on 

first 

section 

Slumps 
recorded 

on 
second 
section 

Slab  No. 

Slumps 

recorded 

on 

first 

section 

Slumps 
recorded 

on 
second 
section 

1 

Inches 
8 
8 
8 
4 
5 
4 
6 
3 
7 
5 
5 

Inches 
5 

X 

5 
5 
5 
8 
6 
5 
7 
4 
6 

12 

Inches 
5 
3 
5 
6 
4 
7 
8 
5 
4 
5 

Inches 
4 

2 

13 

2 

3 

14 

5 

4. 

15 

5 

5 

16 

5 

6.. 

17 

6 

7. 

18 

8 

19 

9... 

20 

10. 

21 

11... 

Each  slab  was  struck  off  with  a  2  by  4  inch  plank 
5  feet  long.  The  surface  was  finished  by  hand  floating, 
care  being  taken  to  prevent  an  excess  of  fine  material 
working  to  the  top.  A  smooth  surface  was  thus  ob- 
tained on  the  beams  and  the  location  of  each  cylinder 
could  be  seen  by  the  circle  in  the  concrete  above  each 
mold. 

The  date  upon  which  each  slab  was  cast,  the  curing 
method  used  and  the  temperature  and  precipitation 
record  for  the  date  of  casting  and  for  three  days  imme- 
diately following,  are  given  in  Table  2.  It  was  felt 
that  a  temperature  and  rainfall  record  was  necessary, 
due  to  the  possible  effect  of  such  variables  on  the  early 
strength  of  the  concrete. 

All  specimens  were  transported  to  the  laboratory  for 
testing,  a  distance  of  about  25  miles.  This  caused  a 
delay  in  testing  in  a  few  cases  of  from  18  to  36  hours. 
While  in  transit  the  specimens  were  wrapped  in  wet 
burlap  to  prevent  drying  out.  Cylinders  were  left  in 
their  molds  until  ready  for  testing. 


Arrangement  for  Casting  Test 
Slab  After  Remova 


Beams  and 
l  of  Forms 


Beams  and 


Removing  Cylinders  from  Test  Slab 

Each  beam  was  tested  in  cross  bending  as  a  canti- 
lever, the  top  of  the  beam  (as  cast  in  the  slab)  being  in 
tension.  Two  breaks  were  made  on  each  beam,  the 
cross  section  and  overhang  being  accurately  measured. 
Each  beam  was  bedded  in  plaster  of  Pans  to  obtain  a 
plane  bearing  on  the  bottom. 

RESULTS   OF  CYLINDER  AND  BEAM  TESTS  DISCUSSED 

Results  of  compression  tests  of  cylinders  which  were 
made  at  various  ages  up  to  29  days  are  given  in  Table 
3,  while  Table  4  gives  the  results  of  the  transverse 
strength  tests.  These  data,  in  general,  indicate  very 
little  difference  in  the  average  strength  of  the  concrete 
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and  precipitation  records  for  each  test  slab     Table  3. — Results  of  crushing-strength  tests  of  cylinders  cast  in 


FIRST  SECTION 


Date 

laid 

Method  of  curing 

Average     tem- 
perature   fol- 
lowing    con- 
struction 

Total  precipitation 
following  construction 

6 
V, 

53 

3 

o 

+-> 
03 

ft 

0, 

5 

v. 

T3 

•o 

3 

ft 

E 

u 

•a  "> 

O  03 

'O 

•0-2 
•-a 
-°  :>, 

-0 

1 

1926 

May  11 
May  14 
May  17 
May  19 
May  21 
May  25 
May  26 
May  28 
June    2 
June    8 
June    9 
June  10 
June  11 
June  14 
Aug.  31 

Sept.    1 
Sept.    8 
Sept.    9 
Sept.  10 
Sept.  13 
Sept.  15 

"F. 

57 
66 
60 
73 
59 
60 
59 
60 
68 
65 
68 
65 
67 
79 

65 
67 
68 
75 
75 
70 
63 

°F. 
54 
63 
70 
70 
63 
59 
GO 
55 
72 
68 
65 
67 
75 
75 

67 
78 
75 
75 
60 
63 
69 

"F. 
63 

62 
73 
59 
62 
60 
60 
60 
56 
65 
67 
75 
75 
68 

78 
68 
75 
60 
64 
63 
71 

"F. 
66 
60 
70 
63 
54 
60 
55 
72 
51 
67 
75 
75 
79 
57 

68 
64 
60 
64 
70 
69 
68 

Inches 

Inches 

Inches 

Inches 
0.32 

2 

do 

do 

do 

.„..do. 

do 

do                     

0.32 

1.52 
.07 

4 

.07 

.02 

5 

0.02 

.11 

.02 

7 

8 

9 

do. 

do... 

do 

.32 

.17 

in 

.08 

n 

.17 

l? 

"1"ao'"".IV."V.'-'-'/.'". 

Calcium  chloride  (inte- 

.17 

13 
14 

.09 

.  17 
.05 

.09 

15 

1.18 

Ifi 

do .-._ 

do 

do 

::::::::: 

1.18 
1.03 

.02 

17 

18 

1.03 

1.03 

19 

?n 

21 

SECOND  SECTION 


1? 

Nov. 
Nov. 
Nov. 
Nov. 
Nov. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 
Oct. 

Oct. 
Oct. 
Oct. 

Nov. 

3 

4 
8 
9 
11 
18 
19 
21 
22 
26 
27 
28 
12 

13 

14 
15 
12 

Wet  earth 

37 
34 
56 
63 
31 
45 
52 
45 
44 
40 
37 
42 

61 
63 
62 
55 
29 

34 

40 
63 
53 
29 
52 
47 
44 
47 
37 
42 
56 

63 
62 

55 
48 
35 

40 
40 
53 
31 
35 
47 
45 
47 
53 
42 
56 
61 

62 

55 
48 
55 
50 

40 
45 
31 
29 
50 
45 
44 
53 
53 
56 
61 
56 

55 
48 
55 
45 
59 

13 

"'"do"I"I"-"--"-~" 

14 

0.78 

IS 

0.78 

lfi 

do 

Sodium  silicate 

5 

6 

do... 

..V.Ao.V.V.V.. '.'.'.'.... . 

.24 

7 

.03 

.18 

0. 18 

8 

.03 

.67 

fl 

do 

"""do"""""""""" 

Calcium  chloride  (inte- 
gral)      

.02 

10 

.02 
.05 

11 
1 

0.06 
.05 

.02 

.06 
.05 

.74 

2 

do 

do 

3 

4 

17 

.13 

cured  by  the  three  methods  except  that  on  both  test 
sections  the  concrete  cured  with  calcium  chloride  shows 
somewhat  higher  results  in  compression  than  the  con- 
crete cured  by  either  of  the  other  two  methods.  In 
the  first  section  this  difference  is  only  apparent  during 
the  first  three  days,  whereas  in  the  case  of  the  second 
test  section  an  increase  may  be  observed  throughout 
the  entire  period.  Reference  to  Table  4,  on  the  other 
hand,  fails  to  show  any  appreciable  difference  in  trans- 
verse strength  which  may  be  attributed  to  the  curing 
method  used.  In  this  connection,  however,  it  will  be 
noted  that  no  beam  tests  were  made  at  periods  less 
than  four  days. 

In  analyzing  these  early-age  strength  data,  the 
marked  variations  in  strength  between  individual  spec- 
imens of  the  same  age  but  cast  on  different  days  is 
apparent.  For  instance,  referring  to  Table  3,  it  will  be 
observed  that  the  crushing  strength  of  specimens  taken 
from  slabs  Nos.  2  to  7,  inclusive,  of  the  first  section, 
and  broken  at  three  days,  varies  all  the  way  from  667 
to  1,483  pounds,  with  an  average  of  1,039  pounds. 
Just  how  much  of  this  variation  is  due  to  unavoidable 
errors  in  testing  is  problematical.  Assuming,  however, 
that  errors  from  this  source  were  no  greater  than  is 
usual  in  testing  work  of  this  character,  most  of  the 


test  slabs 
FIRST  SECTION 

Method  of 
curing 

Crushing  strength  in  pounds  per  square  inch  at— 

0 
53 

>> 

OS 

■a 

l>> 

C3 

•a 

CN 

>. 

03 

•a 

w 

>> 

CO 

>. 
a 
■a 

03 

X) 

00 

>. 

03 

•O 
•>* 

>> 

03 

■a 
10 

to 

>> 

03 

■a 

CN 

>> 

03 

•a 

CN 
CN 

to 

CO 

■a 
00 

CN 

03 
■o 
os 

1 

1,050 

765 

1,270 

1,112 

667 

1,  102  1,483 

1,450 

1,784 

1,485 

1,853 
1,  085 

1,695 
1,498 
1,  705 

? 

do 

do 

do 

do 

do 

do 

Average... 

Sodium  sili- 

490 
661 
478 
483 

517 

526 

594 

3 

1,678 

1,900 
1,790 
1,543 

4 

1,184 
1,535 

5 

1,564 

1,734 

1,300 
1,744 
2,075 

934 
1,0761,039 

1,810 

2,170 

..... 

1,757 

1,709 

1,401 

1,671 

™. 

1,851 

8 

1,415 

1,710 

1,  560 

1 .  630 

1,640 
1,590 
2,  062 
1,895 
1,560 
1,850 
1,986 

9 

do 

do 

do 

do 

do 

do --.- 

Average. .. 

Calcium  chlo- 
ride  

560 

"504 
907 

624 



""769 

1,045 
1,223 
1,230 

1,620 
1,925 
1,825 
1,  215 
1,950 
1.522 

10 
11 
12 
13 
14 

1,410 
1,215 

1,555 
1,763 
1,460 
2,100 
1,908 

-  — 

1,940 

1,960 

1,155 
1,675 
1,785 

,1,672 



1,  676 

1,480 

I..... 

1,166 

1,347 

1,769 

1,798 

15 

723 

1,275 
1,075 

1,090 
1,750 

1,435 

1,455 
1,  960 
1,090 
1,805 
1,325 
2,155 
1,846 

1,565 
2,  080 
2,453 
1,  606 
1,592 
1,992 
?  504 

lfi 

do 

do 

do 

do 

do 

do -._. 

Average... 

974 

598 
964 
1185 

17 

1,565  1,950 
11,620 
1,445 
1,725 

2,230 



is 
19 
20 
21 

1,090 
1,275 
1,880 

1,015 



1,470 
1,325 
1,925 
1,720 



930  1,025 

1,417 

1,575 

1,742 

1,742 

1,970 

SECOND  SECTION 


n 

Wet  earth 

309 
406 
690 
580 
502 

428 

1,510 
2,  246 
1,109 
1,440 
2,035 

1,668 

1,716 

2,  220 

13 

do 

do 

do.... 

.... 

2,822 
1,450 
1,914 
1,752 

2,175 
2,225 



3,235 

14 

15 

752 
1,060 

1,930 
1,730 

lfi 

do__._ 

Average... 

„_. 

2,470 

2,160 

...   . 

497  

9011 

1,984 

2,290 

2,279 

Sodium  sili- 

5 

610 
322 

"781 

145 

465 

546 

"831 
242 

540 

956 
1,150 

1,130 

1,980 
1,757 

1,169 
1,776 

1,831 
1,461 

2,029 
2,  262 
2,072 
2,552 
2,805 



2,426 

6 

do ._ 

do_ 

do 

do 

do 

do 

Average... 

Calcium  chlo- 
ride  

1,802 

7 

469 

1,904 
1,970 
2,000 
2,  237 
2,091 

2,040 

2,450 

2,503 

8 

1,105 
874 

875 

992 

1,340 
1,950 

1,759 

2,485 

9 

398 
461 
443 

730 

2,457 

10 

11 

1,342 
1,512 

1,646 

2,664 

2,141 

1,622 

2,397 



2,302 

1 

1,365 
2,035 

1,780 
2,740 

2,"492 

1,990 
3,  100 
2,880 

2,170 

•) 

do 

do.. ___._„. 

do 

do 

Average... 

1,510 
1,090 

2,000 
1,919 

3,550 

3 
4 

1,940 
2,442 
1,992 

1,950 
1,744 

2,294 

2,620 
2,610 
2, 167 

3,598 

17 

1,362 

1,300 

1,960 

2,657 

1,551 

1,700 

2,125 

1,847 

2,337 

3,574 

variations  in  strength  may  be  attributed  to  variations 
in  the  quality  of  the  concrete. 

For  concrete  of  the  character  placed  on  this  job  and 
assuming  a  constant  cement  factor  from  day  to  day, 
there  are  two  principal  factors  which  might  account 
for  these  differences:  (1)  Variations  in  temperature  and 
humidity  conditions  during  and  immediately  subse- 
quent to  placing;  and  (2)  variations  in  the  water  con- 
tent of  the  concrete.  Table  1  gives  the  consistency  as 
indicated  by  the  slump  of  the  concrete  which  was  used 
in  the  fabrication  of  each  test  slab  and  Table  2  indicates 
the  variations  in  temperature  and  rainfall.  As  stated 
previously,  it  was  found  impossible  to  satisfactorily  con- 
trol the  water  content,  owing  to  the  use  of  inadequate 
water-measuring  devices  on  the  mixers  and  leaky  valves. 
The  slump-test  values  will,  therefore,  have  to  serve  as 
the  best  available  indication  of  water  content. 
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Table  4. — Results  of  transverse  strength  tests  of  beams  cast  in  test 
slabs  of  second  section 


Slab 

Method  of  curing 

Modulus  of  rupture  in  pounds  pei 
inch  at — 

square 

No. 

4 

days 

5 
days 

7 
days 

8 
days 

14 
days 

15 
days 

28 
days 

29 
days 

12 

Wet  earth  ._ 

368 

454 
481 
367 
515 

410 

485 

13 

do      

385 

587 
480 
486 
544 

554 

14 

do -. 

321 
267 

491 

15 

do 

454 

16 

do 

336 

580 

294 

293 
362 

369 
260 

309 

360 

437 

524 

513 

Sodium  silicate. 

5 

444 
358 

ISO 
485 

578 

6 

do 

566 

7 

do 

do     

335 

377 

497 
522 
439 
530 
436 

602 

g 

430 

631 

9 

do       -.. 

329 
405 

553 

10 

do 

do       

11 

378 

499 

Average 

319 

370 

403 

483 

485 

572 

Calcium  chloride 

1 

308 

385 

515 
398 

518 
480 

419 
534 

404 

2 

do      

323 
329 

347 

515 

3 

do    

403 
375 
445 

418 

4 

do      

391 
406 

539 

17 

do - 

368 

326 

402 

478 

452 

527 

Comparing  the  individual  test  results  given  in  Table 
3  with  the  corresponding  temperature  and  rainfall  data 
shown  in  Table  2,  it  will  be  seen  that,  except  in  one  or 
two  extreme  cases  such  as  low  strength  at  one  day  on 
slab  17  of  the  second  section  wdiich  is  associated  with 
low  temperatures,  there  is  no  consistent  relation  be- 
tween strength  and  either  of  these  factors.  It  is 
apparent  that  variations  in  temperature  are  either  not 
effective  or  they  are  overshadowed  by  more  important 
variables  such  as  the  water  content  of  the  concrete. 

When  materials  for  concrete  pavements  are  measured 
by  loose  volume,  as  in  this  case,  it  is  inevitable  that 
rather  marked  fluctuations  in  water  content  of  the 
concrete  will  occur  from  day  to  day  owing  to  changes 
in  the  moisture  content  of  the  sand  and  fluctuations  in 
the  grading  of  the  coarse  aggregates.  On  the  first 
section  of  these  tests  marked  variations  in  grading  of 
coarse  aggregate  occurred,  making  the  control  of  water 
very  difficult. 

A  comparison  of  the  strength  data  with  the  results  of 
the  slump  tests,  however,  indicates  either  that  water 
content  was  not  a  controlling  factor  in  determining 
strength  or  that  the  slump  test  can  not  be  taken  as  an 
accurate  measure  of  the  amount  of  water  in  the  con- 
crete. The  importance  of  water  in  determining 
strength  has  been  demonstrated  many  times  through 
carefully  controlled  laboratory  tests.  On  the  other 
hand,  it  has  not  been  established  that  the  slump  test 
gives  anything  more  than  a  rough  indication  of  the 
consistency  of  the  concrete.  In  the  opinions  of  the 
authors,  the  principal  variations  in  strength  shown  in 
this  report  are  due  to  variations  in  the  water  content 
of  the  concrete,  and  this  would  have  been  indicated  by 
accurate  measurements  of  the  water  actually  used  in 
the  various  batches  had  it  been  possible  to  make  them. 

CORES  FROM  TEST  SLABS  INDICATE  PRACTICALLY  SAME  STRENGTH 
FOR  THE  THREE  METHODS  OF  CURING 

The  results  of  compression  tests  of  cores  drilled  from 
the  test  slabs,  which  are  given  in  Tables  5  and  6,  and 
the  average  values,  which  are  plotted  in  Figure  1,  fail 
to  reveal  any  consistent  advantage  for  any  of  the  curing 


Illustrating  Arrangement   for   Casting   Test   Slabs 
and  Cylinders 

methods.  It  is  true  that  in  the  first  section  the  28-day 
and  4-month  test  values  are  considerably  higher  for 
the  concrete  cured  with  wet  earth  than  in  the  case  of 
the  other  two  methods.  Averages  for  this  section  at 
six  months  are  close  together.  At  one  year  there  is  so 
little  difference  that  it  appears  safe  to  say  that  under 
the  conditions  prevailing  the  three  methods  give 
essentially  the  same  strength  results.  Practically  the 
same  thing  may  be  said  of  the  six-month  and  one-year 
tests  on  the  second  section,  although  the  wet-earth 
results  are  somewhat  low,  particularly  at  the  one-year 
period.  .  , 

Comparing  the  results  of  core  tests  at  28  days  with 
the  results  of  tests  on  the  cast  cylinders  from  the  same 
slabs  and  at  the  same  age,  it  will  be  observed  that  the 
test  values  for  cores  are  consistently  much  higher.  In 
general,  some  difference  in  favor  of  drilled  cores  is  to 
be  expected,  but  the  values  determined  are  somewhat 
unusual.  There  are  two  testing  conditions,  however, 
which  may  account  for  this  variation. 


144 


PUBLIC    ROADS 


Vol  9,  No.  7 


TAT,!*-  ^—Residts  of  crushing-strength  tests  of  cores  drilled  from  test    Table   6.— Result  of  crushing-strength  tests  of  cores  drilled  from 
1A  J     dabs  of  first  section  *««*  s'a&s  °/  second  section 


Slab 

Method  of  curing 

Crushing  strength  in  pounds  per  square 
inch  at — 

No. 

28  days 

4  months 

6  months 

1  year 

1 
2 
3 
4 

5 
6 

7 

4,620 

4,485 

3,260 
3,700 
3,830 
3,995 
4,320 
3,850 

4,485 
4,140 
4.550 
3,830 
4,260 
4.  575 

4,340 

4.510 
3,180 
4,060 
3,630 
4,435 

4,335 

4,570 

do                        .  

4,310 

do                    

4,770 

4,585 

3,825 

4,305 

4,405 

4.485 

8 

3,  560 

4.  010 
3,280 
3,620 
3,080 
2,980 
3,280 

3,680 
3.850 
4,  120 
3,935 
3.430 
3,810 
3.620 

4,560 
4,670 
3,785 
4,950 
3,925 
4,140 
3,450 

4,685 

do                    

4,560 

10 

do                 

4,610 

do                      

4,140 

12 

do                      

4,210 

13 
14 

do                        

4,490 

do 

4,  150 

3,400 

3.765 

4,210 

4,406 

15 

3,960 
3,085 
2,985 
3,135 
2,450 
3,085 

i  3.  040 
•  4.  075 
1  3,  350 
1  4. 085 
i  3,  635 
1  3,  720 
1  3.  525 

4,027 
4,635 
4,346 
4,247 
4,542 
4,480 
3,95S 

4,694 

16 
17 
18 
19 

do                  

4,415 
4,  112 
3,986 
4,432 

20 

do                       

5,198 

21 

do 

3,581 

3,115 

3,635 

4,323 

4,345 

i  Age  at  test,  3  months. 


WET   EARTH   * 
6,000 


5.000 


-»     SODIUM  SILICATEo 


CALCIUM  CHLORIDE* 


CD     1,000 


0 


1 

"A 

■-  — ■  * 

^3 

+> 

/ 

FIRST    SECTION 

o 

y^' 

SECOMD  SECTION 

Q 


2469  10         12    02468 

age  of  concrete- months 

Fig.  1. — Results  of  Compression  Tests  of  Cores  Drilled 
from  Test  Slabs 

All  of  the  cast  cylinders  were  capped  with  plaster  of 
Paris  prior  to  testing  (since  they  were  to  be  tested  as 
soon  as  possible  after  receipt  in  the  laboratory), 
whereas  neat  cement  was  used  for  the  cores.  It  is  well 
known  that,  except  at  very  early  ages,  concrete  speci- 
mens capped  with  plaster  are  apt  to  run  lower  in 
strength  than  when  capped  with  cement.  In  addition, 
the  cores  were  tested  dry,  whereas  the  cylinders  were 
in  a  damp  condition  when  tested.  However,  the  fact 
that  different  methods  of  capping  were  used  makes  it 
necessary  to  consider  the  two  groups  of  tests  independ- 
ently, irrespective  of  the  reasons  for  wide  variations. 
Fortunately  the  value  of  each  group  as  indicating  vari- 
ations in  strength  due  to  the  method  of  curing  is  not 
impaired,  although,  as  just  stated,  results  in  one  group 
should  not  be  compared  with  those  in  the  other. 


Slab 

Method  of  curing 

Crushing  strength  in  pounds  per 
square  inch  at — 

No. 

(See  note) 

6  months 

1  year 

12 
13 

3,633  (105) 
5,930  (137) 
4,993  (161) 
4,927   (160) 

4,441 
5,389 
3,917 
4,953 
5,573 

4,615 

do              

5,748 

14 

do                

4,878 

15 

do                - 

5,166 

do             

5,779 

4,855 

5,237 

5 

4, 875     (98) 
5, 167     (97) 
5,092  (118) 
5,334  (117) 
5.067  (113) 
4,826  (112) 
4,242  (111) 

5,020 
5,440 
5,401 
5,554 
5,558 
5,286 
5,287 

5,441 

g 

do               .-- 

6,452 

7 

do                -- 

5,065 

g 

do                  

6,070 

9 

do                 

5,517 

10 

.1,,           

4,803 

11 

do            

5,882 

5,364 

5,604 

1 

3, 701     (99) 
4, 975     (98) 
4, 639     (97) 
4,727  (101) 
5,050  (157) 

4,077 
5,200 
5,242 
5,275 
4,672 

5,759 

2 

do            

6,096 

3 

do            .  

6,461 

4 

do              

5,232 

17 

do    .     - 

5,221 

4,893 

5,754 

Crushing  strength  in 

pounds 

per  square  inch  at— 

Method  of  curing 

28  days 

90  days 

(See  note) 

Group  1 

Group  2 

Group  1 

Group  2 

Group  1 

Group  2 

Group  3 

Wet  earth 

3,800 
3,220 
3,280 
2,390 
2,790 
3,060 

3,690 
3,610 

2,530 
3,440 
2,960 

3,380 
3,350 
3,350 
3,555 

2,935 

3,080 
2,995 
2,795 
3,240 
3,390 

4,040 
3,410 
3,980 

4,260 

Do 

Do  .. 

Do 

Do 

Do 

Average. 

3,090 

3,245 

3,315 

3,100 

1  . 

general  average... 

3,170 

3,205 

3,920 

Sodium  silicate... 

Do 

3,450  '     2,720 
3,  410       2,  840 
3,  200       3, 030 
2  680 

3,235 
3,290 

4,035 
4,090 
3,340 

3,800 
4,400 
4,070 
3,795 
4,  760 
3,  960 

3,320 
3,770 
2,640 
3,520 

3,175 
3,065 
2,790 

4,100 

2,910 

Do 

4,510 

Do 

Do 

3,390 
3.040 

Do. - 

Average 

3,185  '     3,005 

3,600 

4,130 

General  average... 

3,095 

3,865 

3,380 

Calcium  chloride 

Do  .- 

3,035 
3, 475 
3,255 
2,645 
2,610 
3,020 

2,765 
2,295 
2,835 
2,745 
3,200 
2,470 

3,425 
3,150 
2,960 
3,280 
2,900 
2,540 

3,495 
3,910 
4,190 

2,840 

2,520 
3,585 

Do 

2,060 

Do 

Do    . 

Do 

Average... 

3,005 

3,720 

3,045 

General  average... 

2,865 

3,045 

3,230 

Note.— Figures  in  parenthesis  give  age  in  days  at  test. 
CORES  DRILLED  FROM   PAVEMENT  SUBSTANTIATE   CONCLUSIONS 

Table  7  gives  the  results  of  compression  tests  on  cores 
cut  from  the  pavement  and  tested  at  the  University 
of  Maryland  under  the  direction  of  A.  N.  Johnson. 
These  tests  were  confined  to  the  first  experimental  sec- 
tion. The  apparent  reversal  in  relative  rating  of  the 
wet  earth  and  sodium  silicate  concrete  between  90 
days  and  1  year  is  not  considered  significant  in  view  of 

Table  7. — Results  of  crushing  strength  tests  of  cores  drilled  from 
-pavement  (first  section)  and  tested  at  University  of  Maryland 


Note.— Cores  drilled  in  June,  1927.  Concrete  in  the  wet  earth  and  sodium  silicate 
sections  approximately  1  year  old;  concrete  in  the  calcium  chloride  sections  approxi- 
mately 10  months  old. 
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the  relatively  small  number  of  test  specimens  involved. 
The  tests  may  be  considered  as  substantiating  in  gen- 
eral the  conclusion  that,  in  so  far  as  strength  is  con- 
cerned, the  three  methods  of  curing  give  essentially 
the  same  results. 

SURVEY    SHOWS    EXTENT    OF    CRACKING    ON    VARIOUS    SECTIONS 

Table  8  gives  the  results  of  a  crack  survey  of  the 
pavement  made  on  January  6,  1928.  With  the  excep- 
tion of  the  wet-earth  subsection  of  section  1,  the  aver- 
age spacing  of  transverse  cracks  is  about  the  same  for 
all  methods  of  curing.  It  is  interesting  to  compare 
these  values  with  those  obtained  on  the  two  subsec- 
tions of  the  first  test  section  as  a  result  of  a  survey 
made  about  a  month  after  the  section  had  been  laid. 
This  earlier  survey  showed  an  average  spacing  of  100 
feet  for  the  earth-cured  section  and  77  feet  for  the 
sodium  silicate-cured  section,  as  compared  with  88 
feet  and  63,  respectively,  at  a  later  date. 

Table  8. — Results  of  condition  survey  of  test  sections  made  on 
January  6,  1928 


Method  of  curing 

Length 

of 
section 

Num- 
ber of 
trans- 
verse 
cracks 
and 
joints 

Slab  length 

Sec- 
tion 
No. 

Aver- 
age 

Maxi- 
mum 

Mini- 
mum 

(Wet  earth _ 

Feet 

4,404 

4,253 

4,248 

3,  449 

4,280 

5,540 

50 
68 
75 
80 
76 
101 

Feet 
88 
63 
57 
43 
56 
55 

Feet 
208 
165 
133 
155 
139 
212 

Feet 
20 

1 

1  Sodium  silicate. 

5 

(Calcium  chloride 

[Wet  earth..  . __  _  .     _ 

4 
6 

? 

5 

[Calcium  chloride. _  .  . 

4 

It  will  be  seen  that  most  of  the  transverse  cracking 
which  has  occurred  (that  is,  in  about  a  year  and  a 
half)  took  place  within  a  few  weeks  after  construction. 
The  data  available  does  not  indicate  any  particular 
reason  why  the  earth-cured  subsection  on  the  first  test 
section  should  have  developed  such  a  small  number  of 
cracks  as  compared  with  the  corresponding  portion  of 
the  second  test  section.  It  may  be  that  a  detailed  sub- 
grade  survey  of  this  pavement  will  furnish  a  clue,  and 
it  is  expected  that  such  a  survey  will  be  made  shortly. 
In  view  of  the  large  number  of  cracks  on  the  second  wet- 
earth-cured  section,  however,  as  compared  with  sec- 
tions cured  by  the  other  methods,  it  appears  reasonable 
to  assume  that  the  wide  spacing  on  the  first  wet-earth- 
cured  section  was  due  to  some  cause  other  than  the 
method  of  curing — possibly  the  subgrade.  It  may  be 
said  in  this  connection  that  the  water  curing  on  the 
second  test  section  was  fully  as  thorough  and  efficient 
as  on  the  first. 

SURFACE  INDICATIONS  REPORTED 

The  present  condition  of  the  surface  of  each  of  the 
test  sections,  in  so  far  as  they  may  have  been  affected  by 
the  curing  method,  is  of  interest.  In  the  case  of  the 
first  test  section  the  earth-cured  subsection  shows  prob- 
ably fewer  surface  defects  than  either  of  the  other  two. 

There  is  considerable  thin  surface  scale  on  the  first 
sodium-silicate  section,  which  appeared  a  few  days 
after  the  construction  of  the  pavement  and  which  has 
apparently  progressed  very  little  beyond  the  initial 


stage.  This  scale  has  been  attributed  to  excess  water 
on  the  burlap  cover,  caused  probably  by  sudden  show- 
ers during  construction.  It  is  confined  largely  to  sec- 
tions constructed  on  days  when  it  was  necessary  to 
shut  down  because  of  rain.  This  surface  scale  does  not 
appear  on  the  second  sodium  silicate  section,  which 
was  cured  in  exactly  the  same  manner  as  the  first  sec- 
tion, which  leads  to  the  assumption  that,  whatever  the 
cause  it  was  probably  not  due  to  the  silicate. 

Both  of  the  calcium-chloride  sections  show  consider- 
able surface  wear  and  scale.  In  spots  the  thin  mortar 
surface  which  remained  after  finishing  has  worn  com- 
pletely away.  This  condition  is  believed  to  be  due  to 
difficulties  encountered  by  a  crew  inexperienced  in  the 
use  of  concrete  containing  a  calcium  chloride  admixture. 
The  reworking  of  a  surface  which  had  slightly  stiffened 
up  might  conceivably  produce  a  thin  weak  top  which 
would  readily  scale  off  under  traffic,  producing  a  rather 
unsightly  surface.  It  is  not  felt  that  this  condition 
should  be  construed  as  a  general  indictment  of  the  use 
of  calcium  chloride  as  an  admixture  because  it  is  well 
known  that  with  experienced  crews  excellent  pave- 
ments, in  so  far  as  surface  conditions  are  concerned, 
may  be  produced. 

CONCLUSIONS 

As  far  as  can  be  judged  by  strength  tests  up  to  and 
including  one  year,  as  well  as  by  a  study  of  the  number 
and  distribution  of  cracks  up  to  the  present  time,  it 
appears  that  under  the  conditions  obtaining  on  this 
job  either  of  the  two  proposed  methods  of  curing  con- 
crete pavements  covered  by  this  study  might  be  used 
in  place  of  the  wet-earth  method. 

It  must  be  remembered,  however,  that  the  final 
answer  to  such  a  question  as  this  can  not  be  given  until 
the  various  sections  have  been  subjected  to  a  sufficient 
number  of  seasonal  changes  to  bring  out  any  differences 
which  may  exist  as  to  their  comparative  resistance  to 
weathering.  This  is  somewhat  intangible,  but  none  the 
less  important,  property  of  concrete  for  pavements  and 
is  one  upon  which  its  final  service  value  largely  depends. 

How  does  this  curing  process  affect  the  density  or 
permeability  of  the  concrete?  This  is  an  important 
question  from  the  standpoint  of  resistance  to  frost 
action.  It  has  been  claimed  that  permeability  can 
largely  be  controlled  by  thorough  curing,  the  theory 
being  that  the  void  spaces  remaining  in  concrete  after  it 
has  hardened  were  originally  filled  with  water;  that  a 
certain  proportion  of  this  water  combines  with  the 
cement  to  form  the  complex  hydration  products  result- 
ing from  the  setting  of  cement,  while  the  remainder 
evaporates  leaving  air  voids.  According  to  this  theory, 
the  function  of  curing  is  to  keep  the  concrete  from  drying 
out  until  the  maximum  proportions  of  the  total  water 
originally  used  in  mixing  has  combined  with  the  cement. 
It  is  obvious  that  the  higher  this  proportion  of  com- 
bined water,  the  lower  will  be  the  proportion  of  free 
water  remaining,  and  consequently  the  lower  will  be 
the  percentage  of  voids.  The  extent  to  which  this 
theory  applies  to  the  curing  of  pavements  is  prob- 
lematical. It  is  recognized,  however,  that  the  ultimate 
service  value  of  the  structure  is  dependent  upon  other 
factors  besides  strength,  and  that  the  effect  of  these 
factors  upon  the  life  of  the  pavement  must  be  ascer- 
tained before  giving  unqualified  indorsement  to  the 
special  curing  methods  under  consideration. 


RELATION  BETWEEN  THE  STANDARD  ABRASION 
TESTS  FOR  STONE  AND  GRAVEL 

Reported  by  D.  O.  WOOLF,  Assistant  Materials  Engineer,  Division  of  Tests,  United  States  Bureau  of  Public  Roads 


THE  majority  of  the  State  highway  departments  in 
their  specifications  for  concrete  permit  the  use 
of  either  crushed  stone  or  gravel  as  aggregate 
and  give  certain  requirements  for  each  material  in  an 
attempt  to  obtain  materials  of  comparable  quality. 
The  quality  requirement  most  frequently  mentioned  is 
the  percentage  of  wear  as  determined  by  the  Deval 
abrasion  test.  It  has  frequently  been  stated  that  a 
stone  with  a  percentage  of  wear  of  5  is  of  the  same 
quality  as  a  gravel  with  a  percentage  of  wear  of  15 
when  considered  as  aggregate  for  concrete.  In  other 
words,  the  abrasion  loss  of  stone  of  a  given  quality  is 
only  about  one-third  the  abrasion  loss  of  gravel  of  the 
same  quality.  There  are,  however,  very  little  data 
available  with  which  the  above  relation  may  be 
established. 

To  obtain  information  on  this  important  subject  a 
series  of  tests  was  begun  in  the  early  part  of  1926. 
A  sample  of  rock  was  tested  by  the  standard  method, 
and  then  the  standard  gravel  abrasion  test  was  made  on 
rounded  particles  prepared  from  the  same  rock  sample. 
Several  such  tests  were  made  on  rock  received  as  routine 
samples,  the  rounded  particles  being  prepared  in  the 
Deval  abrasion  machine.  The  results  of  these  tests 
are  shown  in  Table  1. 

Table  1. — Abrasion  tests  on  rock  and  synthetic  gravel 


Material 

Percent- 
age of 
wear, 

standard 
test 

Synthetic  gravel 

Source  of  rock 

Percent- 
age of 
wear 

Ratio  to 

standard 

test 

Indiana 

Limestone     . . .  

'  11.7 
3  2.6 
3  5.8 

2  11.0 
3  4.0 

3  5.5 
3  2.7 

2  1.4 

2  13.7 
2  6.9 

0.47 

Virginia 

Pennsylvania .. 

Granite. 

Sandstone . 

1.04 
.24 

Ohio 

Dolomite... 

1.24 

West  Virginia 

Limestone 

1.72 

Average  of  2  tests. 


2  Average  of  4  or  more  tests. 


i  Only  1  test. 


ABRASION    TESTS    ON    ROCK    AND    SYNTHETIC    GRAVEL    YIELD 
UNEXPECTED  RESULTS 

In  the  summer  of  1927  the  use  of  the  brick  rattler 
machine  to  round  off  rock  particles  into  gravel  shape 
was  suggested.  This  proved  to  be  a  satisfactory 
method,  and  13  large  samples  of  crushed  and  solid 
rock  were  obtained  for  test.  The  physical  character- 
istics of  these  rocks  as  determined  by  routine  tests  are 
shown  in  Table  2. 

In  the  instructions  regarding  sampling  it  was  re- 
quested that  the  ledge  rock  submitted  be  taken  from 
the  material  being  supplied  to  the  crusher.  This,  it 
was  believed,  would  tend  toward  obtaining  both  solid 
and  crushed  rock  of  the  same  quality.  In  all  cases  it 
was  stated  that  the  ledge  rock  had  been  so  selected. 

The  material  obtained  furnished  an  opportunity  to 
investigate  also  the  effect  of  using  crushed  rock  instead 
of  hand-broken  pieces  in  the  standard  abrasion  test. 
It  is  known  that  the  crushed  material  is  sometimes 
used  in  the  standard  abrasion  test  in  spite  of  the  test 
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specifications,  which  definitely  state  that  only  hand- 
broken  particles  shall  be  used.  It  is  also  frequently 
desirable  to  test  crushed  rock  sampled  from  stock  piles 
on  the  job  to  obtain  some  idea  of  its  quality,  and  it 
was  believed  that  this  phase  of  the  investigation  should 
be  considered. 


A  Sample  of  Crushed  Stone  and  Similar  Stone 
Converted  into  Synthetic  Gravel 

Table  2. — Physical  characteristics'  of  rock  as  determined  by 
routine  tests 


Identi- 
fication 
No. 

Location 

Name  of  material 

Spe- 
ci  " 

gravity 

Ab- 
sorp- 
tion 

Per- 
cent- 
age of 
wear 

Hard- 
ness 

Tough- 
ness 

1 

Ohio 

Dolomite 

2.63 
2.84 
2.72 
2.76 
2.54 
2.53 
2.42 
2.49 
2.43 
2.73 
2.71 
2.49 

2.29 

Per 

cent 

1.82 

.15 

.97 

.08 

2.54 

2.08 

2.80 

2.84 

1.69 

.70 

.  17 

7.4 
4.5 
4.7 
4.9 
6.1 
8.1 
19.7 
4.1 
8.7 
6.3 
4.4 

8.3 
14.7 
17.0 
18.0 

7.0 
.7 
(') 
15.3 

2.7 

9.7 
14.7 
11.3 

.0 

5 

2 
3 

West  Virginia.. 
Ohio 

do 

do 

11 

8 

4 

5 

New  York 

Ohio 

Dolomitie  marble.. 
Dolomite 

7 
4 

6 

do 

Limestone 

4 

do 

Dolomite 

3 

8 

do 

....  do 

14 

9 

Texas 

4 

10 

Ohio 

Dolomite 

(i 

11 

Texas 

5 

12 

Kansas... 

Argillaceous    lime- 
stone. 
Limestone 

2.  52         7  0 

4 

13 

do 

5.26 

8.9 

4 

1  Specimens  satisfactory  for  this  test  were  not  obtained. 

Upon  receipt  of  the  samples,  abrasion  tests  were 
made  by  three  methods: 

1.  Standard  method  for  rock,  using  cubical  pieces 
broken  by  hand  from  ledge  rock.1 

2.  As  above,  except  that  crushed  rock  was  used. 

3.  Standard  method  for  gravel,  using  particles  of 
rock  artificially  rounded  into  gravel  shape.2 

In  the  tests  made  with  crushed  rock,  samples  con- 
taining 50  pieces  of  approximately  constant  size  and 
weighing  5,000  grams  were  used.  The  results  of  these 
tests  are  shown  in  Table  3  and  are  summarized  in 
Table  4.  A  few  tests  of  the  same  character  have  also 
been  made  on  samples  submitted  for  routine  examina- 
tions.    The  results  are  shown  in  Table  5. 

i  A.  A.  S.  H.  O.,  Tentative  Standard  Method  No.  3,  U.  S.  D.  A.  Bulletin  No. 
1216,  revised  (now  in  course  of  publication) . 

3  A.  A.  S.  H.  O.,  Tentative  Standard  Method  No.  4,  U.  S.  D.  A.  Bulletin  No. 
1216,  revised  (now  in  course  of  publication). 
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Table  3. — Abrasion  tests  of  rock  and  synthetic  gravel 


Iden- 
tifica- 
tion 
No. 

Location 

Percentage  of  wear 

Material 

Standard 

Standard 
crushed 

Gravel 
rounded 

1 

Ohio 

f         7.4 
7.0 
7.6 
7.3 
7.6 
4.2 
4.4 
4.4 
4.7 
4.6 
4.6 
5.0 
4.6 
4.4 
4.8 
5.4 
5.0 
4.7 
4.7 
4.8 
5.9 
6.2 
5.7 
6.8 
6.0 
7.6 
8.4 
8.0 
9.0 
7.6 
20.1 
19.5 
20.3 
19.1 
19.7 
4.6 
3.7 
4.0 
3.9 
4.1 
(          8.4 
8.8 
9.2 
8.9 
8.1 

6.6 
6.9 
7.3 
7.1 
6.5 
4.3 
4.2 
4.2 
4.4 
4.1 
3.5 
3.5 
4.0 
4.2 
3.8 
4.4 
4.4 
4.2 
4.4 
4.6 
5.6 
6.2 
7.2 
6.3 
6.7 
7.6 
7.1 
7.3 
7.8 
7.7 
14.6 
14.5 
17.0 
13.0 
15.0 
4.0 
4.4 
3.7 
4.0 
4.5 
10.6 
12.8 
13.7 
9.4 
10.1 

4.6 
3.6 
3  9 

2 

.do - 

West  Virginia 
Ohio. 

4.1 
4.0 
2.1 
2.2 

1  8 

3 

do 

Dolomitic  marble 

1.5 
1.4 
1.4 
1.7 
1  4 

4 

New  York.. 

Ohio 

1.6 
1.8 
3.3 
3.1 
2.3 

5 

4.7 
5.2 
5.4 

do 

4.2 

6 

23.4 
24.2 
20. 1 

do.— 

22.0 
23.1 
15.6 
12.8 
12.9 

do. 

8 

do 

Limestone 

Dolomite 

3.4 
3.5 
3.6 

9 

Texas  .. 

3.2 
3.4 
7.2 
6.6 
4.6 

Ohio 

5.8 
5.0 
6.7 

6.2 
7.0 
6.0 
6.2 
5.9 
4.2 
4.4 
4.4 
4.3 
4.6 
7.5 
7.2 
7.1 
6.4 
7.0 
9.5 
9.6 
10.0 
7.0 
8.6 

6.2 
6.2 
5.9 
6.2 
6.1 
4.0 
4.0 
3.7 
3.7 
3.5 
6.4 
6.1 
6.0 
6.4 
6.3 
8.0 
7.3 

10 

Limestone  _ 

Texas 

11 

1.4 
1.7 
2.2 

12 

Argillaceous  limestone.. 
Limestone 

Kansas 

1.3 
1.9 

7.8 
7.8 
7.3 

13 

..  ..do 

7.0 
8.5 
7.2 
7.4 
6.1 

8.2 

7.4 

Table   5. — Comparison  of  abrasion  tests   of  rock   using    hand- 
broken  and  crushed  fragments 


Table  4. — Average  results  of  the  abrasion  tests  using  the  three 
methods  of  testing 


Percent- 
age of 
wear, 

standard 
test 

Test  of  crushed  rock 

Gravel  rounded 

Identification  No. 

Percent- 
age of 
wear 

Ratio  to 

standard 

test 

Percent- 
age of 
wear 

Ratio  to 

standard 

test 

1 

7.4 
4.5 
4.7 
4.9 
6.1 
8.1 
19.7 
4.1 
8.7 
6.3 
4.4 
7.0 
8.9 

6.9 
4.2 
3.8 
4.4 
6.4 
7.5 

14.8 
4.1 

11.3 
6.1 
3.8 
6.2 
7.6 

0.93 
.93 
.81 
.90 

1.05 
.93 
.75 

1.00 

1.30 
.97 
.86 
.89 
.85 

4.0 
1.8 
1.6 
2.9 
4.9 
22.6 
13.8 
3.4 
6.0 

0.54 

2 

.40 

3 

.34 

4... 

.59 

5.. 

.80 

6... 

2.79 

7 

.70 

8 

.83 

9 

.69 

10 

il_ 

1.7 
7.7 
7.3 

.39 

12... 

1.10 

13. 

.82 

Material 

Location 

Hand- 
broken 
rock,  per- 
centage 
of  wear 

Crushed  rock 

Percent-    Ratio  to 
age  of     standard 
wear          test 

Siliceous  dolomite 

Maryland 

4.2 
5.6 

4.5 

2.7 
4.0 
3.8 

0  64 

Do 

West  Virginia... 

.71 
84 

Serpentine 

Following  the  above  tests,  samples  of  from  100  to 
150  pounds  of  graded  crushed  rock  were  placed  in  the 
brick  rattler  with  an  abrasive  charge  of  200  pounds  of 
K-inch  and  1-inch  steel  cubes  and  the  machine  run 
until  inspection  showed  that  the  crushed  rock  had 
worn  into  the  semblance  of  gravel.  The  rounded 
material  was  then  tested  as  specified  for  the  standard 
abrasion  test  for  gravel.  The  results  of  these  tests 
are  also  shown  in  Tables  3  and  4. 

In  comparing  the  results  secured  with  the  rock  and 
gravel  abrasion  tests  a  very  unexpected  relation  is 
presented.  It  has  previously  been  stated  that  the 
general  assumption  regarding  the  ratio  between  the 
percentages  of  wear  for  the  abrasion  tests  of  rock  and 
gravel  is  1  to  3.  The  tests  reported  in  this  paper  show 
that  when  a  given  material  of  uniform  composition 
is  tested  by  both  the  rock  and  gravel  abrasion  methods 
the  ratio  of  1  to  3  is  found  to  be  the  exception  rather 
than  the  ride,  and  that  the  average  ratio  as  deter- 
mined by  these  tests  is  1  to  0.86.  In  other  words,  with 
the  materials  used  the  loss  in  the  gravel  abrasion  test 
is  only  86  per  cent  of  that  in  the  rock  test. 

All  of  the  test  results,  with  one  exception,  show  this 
general  relation,  the  one  exception  being  sample  6, 
which  gives  a  ratio  of  almost  L,  to  3.  It  is  possible  that 
this  material  is  less  resistant  to  impact  than  is  shown 
by  the  results  of  routine  tests.  (Table  2.)  A  number 
of  rounded  particles  of  samples  6,  12,  and  13,  which 
have  the  same  toughness  as  determined  by  the  routine 
tests,  were  tested  for  resistance  to  impact  with  the 
apparatus  devised  by  F.  H.  Jackson  for  testing  soft 
pieces  of  gravel.3  The  results  are  shown  in  Table  6. 
The  reason  for  the  high  ratio  for  sample  6  may  be 
found  in  the  lower  resistance  to  impact  of  the  smaller 
particles. 

RESULTS  INDICATE  DESIRABILITY  OF  MODIFYING  OR  SUPPLANTING 
ABRASION  TEST  FOR  GRAVEL 

It  should  be  noted  that  the  materials  used  in  these 
tests  were  of  uniform  composition.  The  results  are 
therefore  applicable  only  to  such  materials. 

The  average  natural  gravel,  especially  that  of  glacial 
origin,  is  not  of  uniform  composition,  and  the  relation 
found  by  the  above  tests  can  not  be  applied  to  tests  of 
this  type  of  gravel.  This  nonuniformity  in  the  average 
gravel  emphasizes  a  fundamental  weakness  in  the  gravel 
abrasion  test  and  raises  a  question  as  to  the  suitability 
of  such  a  test. 

Two  samples  with  the  same  percentage  of  wear  may 
vary  widely  in  their  suitability  for  use  as  a  concrete 
aggregate.  A  gravel  of  reasonably  uniform  quality  is 
more  acceptable  as  an  aggregate  than  another  gravel 
composed  of  fragments  which  individually  show  a  wide 
range  in  resistance  to  wear  but  with  the  same  average 

(Continued  on  p.  152) 
»  See  Am.  Soc.  for  Testing  Materials  Proc,  vol.  22,  pt.  2,  p.  362. 


STRENGTH  CHARACTERISTICS  OF  CONCRETE  AS 
INDICATED  BY  CORE  TESTS 

RESULTS  OF  COMPRESSION  TESTS  ON  CORES  DRILLED  FROM  MARYLAND  HIGHWAYS  ANALYZED 

By  A.  N.  JOHNSON,  Dean  of  Engineering  College,  University  of  Maryland  I 


A  NUMBER  of  investigations  dealing  with  the 
general  subject  of  strength  characteristics  of 
concrete  have  been  carried  on  intermittently 
during  the  past  six  or  seven  years  at  the  University  of 
Maryland.  These  investigations  were  made  through 
the  cooperation  of  the  Engineering  Experiment  Station 
of  the  University  of  Maryland,  the  United  States 
Bureau  of  Public  Roads,  and  the  Maryland  State  Roads 
Commission.  This  is  the  first  report  dealing  with  one 
phase  of  the  general  subject  being  investigated.2 

For  many  years  highway  engineers  have  sought  a 
means  for  obtaining  information  as  to  the  strength 
characteristics  of  concrete  in  completed  pavement  struc- 
tures. The  only  means  which  has  been  made  available 
up  to  the  present  time  is  the  study  of  tests  of  cylindrical 
cores  drilled  from  the  finished  pavement. 

This  paper  is  devoted  principally  to  the  analysis  of 
the  data  obtained  by  testing  some  2,200  such  cores 
drilled  from  concrete  pavements  of  the  State  highway 
system  of  Maryland  during  the  summers  of  1921,  1922, 
1924,  and  1926. 

METHOD  OF  DRILLING  CORES  DESCRIBED 

The  process  of  core  drilling  is  generally  well  known, 
but  for  the  benefit  of  those  who  may  not  be  familiar 
with  the  technic  of  obtaining  specimens  by  this  method 
it  will  be  briefly  described. 

In  general,  there  are  two  types  of  drills  which  are 
satisfactory  for  drilling  cores  from  pavements;  that  is, 
the  diamond  drill  and  the  steel  shot  drill.  The  shot 
drill  is  more  commonly  used  for  pavement  work  for 
economic  reasons.  The  specimens  from  the  concrete 
roads  of  Maryland  were  secured  with  a  shot  drill  having 
a  steel  bit  with  an  outside  diameter  of  53^  inches,  and 
an  inside  diameter  of  about  4^  inches,  the  actual  size 
of  the  core  drilled  being  about  4.3  inches.  The  drill, 
with  proper  gear  for  its  control,  was  mounted  on  the 
rear  of  a  truck  which  carried  a  small  gas  engine  for 
the  operation  of  the  drill.  A  200-gallon  water  tank, 
together  with  various  tools  and  equipment,  were  also  a 
part  of  the  outfit  of  the  drill  truck. 

The  time  of  drilling  varied  from  about  4  minutes  per 
inch  to  1  minute  per  inch,  averaging  approximately  1.7 
minutes  per  inch  of  core  drilled.  The  longer  time  was 
required  for  concrete  in  which  flint  gravel  was  used  as 
an  aggregate  and  the  shorter  time  for  concrete  with 
limestone  aggregate.  The  soft  steel  bits  were  renewed 
from  time  to  time,  the  average  rate  of  wear  being 
about  1  inch  of  bit  per  100  inches  of  concrete  drilled. 
The  amount  of  steel  shot  necessary  for  drilling  was 
about  1  to  l}/£  pounds  per  core  drilled. 

Two  men  manned  the  truck  and  a  good  day's  work 
(taking  groups  of  three  cores  at  intervals  of  every  mile 
or  so)  was.  12  to  20  cores. 

1  The  author  desires  to  make  fitting  acknowledgement  for  the  generous  help 
rendered  him  by  his  colleagues  of  the  engineering  faculty  of  the  University  of  Mary- 
land, and  particularly  by  S.  S.  Steinberg  and  H.  B.  Hoshall. 

2  Reports  dealing  with  other  phases  of  the  investigation  will  follow  in  subsequent 
issues. 
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The  drill  left  a  hole  in  the  road  a  little  over  b]A 
inches  in  diameter.  After  the  core  was  drilled  a  con- 
crete plug  about  5  inches  in  diameter  and  7  inches, 
deep  (a  number  of  which  were  carried  as  a  part  of  the 
drill  truck  equipment)  was  put  in  the  hole.  The  bot- 
tom of  the  hole  was  first  filled  with  rock  or  gravel  from 
alongside  the  road  and  well  tamped.  A  small  amount 
of  cement  mortar  was  mixed  (using  the  water  in  the 
drill  hole  in  order  to  save  the  usually  very  limited 
water  supply)  and  put  in  the  hole.  The  plug  was  put 
into  place,  which  forced  the  excess  mortar  to  the  sur- 
face, and  this  was  struck  smooth  and  the  patch  cov- 
ered with  moist  earth.  Usually  a  very  good  repair 
was  the  result.  Occasionally  a  heavy  vehicle  wheel 
displaced  a  plug  a  small  amount,  but  seldom  with  any 
serious  injury  to  the  road  surface. 

METHOD  OF  TESTING  CORES  DESCRIBED 

After  the  cores  were  delivered  to  the  laboratory  the 
ends  were  cleaned  and  cement  mortar  caps  were  added 
to  each  end.  These  mortar  caps  consisted  of  a  rather 
stiff  1 :  1  mixture  and  were  of  such  thickness  that  the 
specimen  when  capped  would  measure  9  inches,  except 
in  those  instances  where  the  cores  were  too  long  to 
permit  of  the  preparation  of  a  specimen  of  that  length, 
in  which  case  the  length  of  the  capped  specimens  was 
made  11  inches.  Cores  less  than  5  inches  in  length 
were  not  tested. 

The  cores  were  capped  in  the  following  manner:  A 
piece  of  sheet  metal  9  by  15  inches  was  first  wrapped 
about  the  core,  forming  a  sheet-metal  cylinder,  which 
was  held  in  place  against  the  core  by  two  bands  of  iron 
wire  twisted  tightly  on  the  outside.  One  end  was  filled 
with  the  mortar  and  struck.  Then  the  other  end  was 
filled  and  vigorously  tamped  with  an  iron  bar  about 
1  square  inch  in  cross  section.  The  mortar  was  then 
smoothed  and  a  glass  plate  put  on.  The  specimen 
was  then  reversed  and  the  other  end,  previously  filled 
but  not  tamped,  was  now  thoroughly  tamped  and  cov- 
ered with  another  glass  plate.  The  following  day  the 
glass  plates  and  the  sheet  metal  surrounding  the  cyl- 
inder were  removed  and  the  cores  with  the  mortar  ends 
were  stored  in  moist  sand  for  not  less  than  10  days 
before  testing. 

The  cores  were  tested  in  a  universal  type  machine 
of  100,000  pounds'  capacity.  This  machine  was  cali- 
brated by  means  of  an  Amsler  mercury-filled,  steel 
cylinder  apparatus  of  120,000  pounds  capacity,  and 
the  error  did  not  exceed  0.5  per  cent  at  any  point  on 
the  scale  beam.  The  specimens  were  calipered  to 
measure  the  diameter  from  which  the  area  was  com- 
puted. The  speed  of  the  moving  head  was  such  as  to 
apply  the  load  at  a  rate  of  approximately  20,000  pounds 
per  minute,  the  machine  being  operated  by  power. 
The  specimens  rested  upon  a  steel  cylindrical  block, 
which  rested  upon  the  weighing  table,  with  a  semi- 
spherical  steel  bearing  block  between  the  upper  end 
of  the  specimen  and  the  moving  head.  The  scale  beam 
was  kept  balanced  as  the  load  was  applied. 
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It  was  noted  that  the  caps  did  not  break  away  from 
the  cores  but  acted  as  though  integral  with  them.  In 
all,  2,195  cores  were  tested  but,  for  various  reasons,  a 
small  percentage  of  the  test  results  was  discarded  in 
making  the  following  analyses. 

RESULTS  OF  CORE  TESTS  SUMMARIZED 

The  average  crushing  strength  was  found  to  be  4,079 
pounds  per  square  inch.  The  individual  specimens 
varied  in  strength  from  1,800  pounds  per  square  inch  to 
7,800  pounds.  There  were  but  four  cores  of  the  lower 
value  and  but  one  of  the  higher.  The  distribution  of 
cores  according  to  crushing  strength  is  shown  graphi- 
cally in  Figure  1. 

The  number  of  cores  which  tested  less  than  3,000 
pounds  per  square  inch  was  about  12  per  cent  of  the 
total.  Within  a  range  of  1,100  pounds  on  either  side 
of  the  mean  value,  that  is  from  3,000  pounds  to  5,100 
pounds  per  square  inch,  inclusive,  there  are  included 
approximately  73  per  cent  of  all  the  cores,  leaving  15  per 
cent  with  a  crushing  strength  greater  than  5,100  pounds 
per  square  inch. 

From  these  results  it  may  be  concluded  that  under  the 
usual  construction  conditions  that  have  prevailed  in 
Maryland,  concrete  that  will  test  upward  of  3,000 
pounds  per  square  inch  may  reasonably  be  expected, 
and  that  concrete  road  cores  which  test  much  below 
this  value  are  exceptional.  The  low  values  are  to  be 
accounted  for  only  on  the  supposition  that  extraordi- 
nary conditions  prevailed.  Likewise,  it  is  equally 
unusual  to  secure  concrete  that  tests  much  over  5,100 
pounds  per  square  inch. 

COMPARISONS  MADE  AS  TO  EFFECT  OF  AGE  AND  CHARACTER  OF 
AGGREGATE  ON  STRENGTH 

An  analysis  of  the  crushing  strengths  of  the  concrete  , 

cores  was  made  to  determine  what  influence  the  age  of 

the  pavement  had  upon  the  strength  of  the  concrete.  L 

All  cores  from  roads  1  year  old,  2  years  old,  and  so  i.!!!-.an.! 

on  to  11  years  (the  oldest)  were   separated   and   the  \—_ 

average   strength   found.     The   results    are   given   in  *----■ 
Table  1  and  in  diagrammatic  form  in  Figure  2. 


It  is  seen  that  the  highest  average  was  for  cores 
3  years  old,  4,344  pounds  per  square  inch;  the  lowest 
was  for  cores  9  years  old,  3,790  pounds  per  square  inch, 

j-r-aJlgje  °f  only  554  P°unds>  which  is  about  equally 
divided  above  and  below  the  average  value,  for  all 
cores  and  for  all  ages,  of  4,079  pounds  per  square  inch. 
The  obvious  conclusion  drawn  from  these  data  is  that 
they  indicate  that  no  definite  influence  on  the  strength 
of  the  concrete  is  to  be  attributed  to  the  age  of  the 
pavement  within  the  age  limits  of  the  specimens  tested. 

Further  analysis  of  the  crushing  strength  of  the  cores 
was  made  on  the  basis  of  the  nature  of  the  aggregate  as 
indicated  by  examination  of  cores  with  the  results 
shown  in  Table  2.  The  highest  value  is  for  what 
appeared  to  be  mixed  rock  (possibly  crushed  gravel), 
4,278  pounds  per  square  inch;  the  limestone  aggregate 
being  4,241  pounds  per  square  inch,  while  the  lowest 
is  for  slag  aggregate,  3,492  pounds  per  square  inch. 
Here,  too,  the  range  is  comparatively  small  (786  pounds), 
also  nearly  equally  divided  above  and  below  the  average 
strength  of  4,079  pounds  per  square  inch. 

Since  only  12  slag  specimens  and  27  trap-rock  speci- 
mens are  reported,  no  great  significance  can  be  attrib- 
uted to  the  average  results  for  these  materials. 

One  should  not  attempt  to  draw  too  fine  distinctions 
from  these  data  for  reasons  which  are  made  apparent  in 
the  following  study  of  the  general  variation  in  the  results 
of  tests  of  a  given  number  of  specimens,  presumably  of 
identical  concrete. 

Table  1. — Core  strengths  compared  with  age  of  concrete 


Age,  years 


Num- 

Aver- 

ber of 

age  com- 

tests 

pressive 

strength 

Lbs.  per 

sq.  in. 

67 

3,806 

745 

4,093 

417 

4,226 

77 

4,344 

122 

3,835 

80 

4,054 

Age,  years 


7.. 
8.. 
9.. 
10 
11. 


Num- 
ber of 
tests 


139 
162 
145 
41 
50 
48 


Aver- 


pressive 
strength 


Lbs.  per 
sq.  in. 
4,062 
4,083 
3,  995 
3,790 
4,025 
3,804 
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Fig.  1. — Diagram  Showing  Distribution  of  Cores  According  to  Core  Strength 
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2. — Core  Strength  Compared  with   Age   of  Con- 
crete 


Table  2. — Core  strengths  compared  with  coarse  aggregate  used 


Aggregate 

Num- 
ber of 
tests 

Aver- 
age com- 
pressive 
strength 

Aggregate 

Num- 
ber of 
tests 

Aver- 
age 

com- 
pressive 
strength 

Granitic .  --- 

227 
139 
168 
601 

Lbs.  per 
sq.  in. 
3,667 
4,199 
4,278 
3,871 

Sandstone 

49 

12 

27 

816 

Lbs.  per 
sg.  in. 
3,891 

Slag.- 

3,492 

Mixed  rock 

Trap 

3,838 

Quartz  gravel 

Limestone 

4,241 

VARIATION  IN  RESULTS  OF  COMPRESSION  TESTS  DISCUSSED 

As  has  been  stated,  three  or  more  cores  were  drilled 
from  about  the  same  place  in  the  road.  Usually,  one 
core  was  taken  from  each  side  and  one  from  the  center, 
assumed  to  be  from  concrete  made  and  laid  at  the  same 
time  under  the  same  conditions.  Theoretically,  the 
crushing  strength  of  each  specimen  from  such  a  group 
of  cores  should  be  the  same.  Practically,  this  is  not 
so.  For  example,  take  three  cores  belonging  to  a  group 
selected  at  random: 

Core  Compressive  strength,    Variation  from  mean 

No.  pounds  per  square  inch         value,  per  cent 

59  3, 000  14 

60  4, 200  20 

61  3, 400  3 

The  mean  crushing  strength  of  these  three  specimens 
is  approximately  3,500  pounds  per  square  inch.  Core 
No.  59  varies  14  per  cent  from  this  value;  core  No.  60, 
20  per  cent;  core  No.  61,  3  per  cent.  To  illustrate 
further,  take  another  group  of  cores : 

Core  Compressive  strength,  Variation  from  mean 

No.  pounds  per  square  inch         value,  per  cent 

902  5, 400  6 

903  4, 900  4 

904  5, 000  2 

The  mean  value  of  the  compressive  strength  is  5,100 
pounds  per  square  inch.  Core  No.  902  varies  6  per 
cent  from  this  mean;  core  No.  903,  4  per  cent;  core 
No.  904,  2  per  cent.     The  range  of  variation  from 


the  mean  value  in  the  latter  group  is  much  less  than  the 
range  in  the  first  group. 

Let  us  proceed  to  find  the  variation  for  each  of  the 
cores  from  its  respective  group  mean  (no  attention 
being  paid  to  the  algebraic  signs  of  the  differences). 
The  data  so  examined  consisted  of  the  compressive 
strengths  of  1,557  cores,  for  the  most  part  divided 
into  groups  of  three,  though  in  some  cases  including 
six,  and  in  a  few  cases,  nine  in  a  group.  The  per- 
centage of  variation  of  each  core  from  its  group  mean 
was  found,  as  illustrated  above,  and  the  mean  value 
of  all  these  percentage  variations  of  the  entire  1,557 
specimens  was  computed  and  foimd  to  be  8.2  per  cent. 
It  is  this  value  which  is  called  the  "modulus  of  varia- 
tion." 

If  the  results  are  plotted,  using  the  various  indi 
vidual  values  of  percentage  of  variation  from  the  mean 
as  abscissas  and  the  number  of  specimens  of  a  given 
percentage  as  ordinates,  we  have  for  our  1,557  cores  the 
curve  shown  in  Figure  3.  It  is  evident  that  the  mean 
value  (8.2  per  cent)  is  the  abscissa  of  the  ordinate, 
which  passes  through  the  centroid  of  the  area  between 
the  curve  and  the  horizontal  axis.  It  is  noted  that 
about  60  per  cent  of  the  cores  had  a  variation  less 
than  8.2  per  cent.  Under  the  conditions  that  existed 
it  has  been  supposed  that  the  cores  of  a  given  group 
were  made  of  concrete  of  like  composition  and  manu- 
facture, and  that  the  specimens  were  handled  and 
treated  in  a  like  manner.  That  an  equality  of  the 
results  of  compression  tests  of  each  specimen  of  a  group 
is  not  obtained  is  true,  (1)  because  the  specimens  may 
not  be  subjected  to  similar  conditions  during  the 
tests;  and  (2)  because  the  specimens  in  a  group,  although 
presumed  to  be  of  like  quality,  are  actually  of  different 
qualities,  due  to  variations  in  construction  processes. 
Thus  there  result  variations  in  the  compressive 
strengths. 
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The  quantity  8.2  per  cent  is  the  value  of  the  modulus 
of  variation  for  the  compressive  strength  values  of  this 
particular  series  of  road  cores,  and  it  may  well  be  that 
it  is  peculiar  to  these  cores  in  particular,  or  to  the 
particular  method  of  testing.  Thus  it  might  happen 
that  other  methods  of  testing  or  the  use  of  laboratory- 
made  samples  of  concrete  might  give  very  much 
different  values  for  the  modulus  of  variation. 

In  this  connection,  the  following  data  will  prove  of 
more  than  passing  interest.  A  number  of  concrete  and 
mortar  beams,  3  by  4  inches  in  cross  section,  and  about 
12  inches  in  length  were  subjected  to  cross-breaking 
tests,  from  three  to  five  specimens  consituting  a  group. 
The  mean  variation,  or  modulus  of  variation,  as  deter- 
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Fig.  4.- — Diagram  Showing  Number  of  Concrete  Cylin- 
ders Varying  from  Group  Mean  by  Different  Per- 
centages. Ten  Cylinders  Constituted  a  Group. 
Based  on  Compression  Tests  of  5,618  Cylinders  at 
Lewis  Institute,  Chicago 

mined  from  195  tests,  was  7.1  per  cent.  From  another 
group  of  cross-bending  tests,  made  available  through  the 
courtesy  of  D.  A.  Abrams  of  the  Lewis  Institute, 
Chicago,  the  mean  variation  for  416  test  specimens 
was  found  to  be  10  per  cent.  From  compression  tests 
Dn  laboratory-made  concrete  cylinders,  6  inches  in 
diameter  and  12  inches  in  height,  made  at  the  Lewis 
Institute  laboratory,  which  included  363  test  specimens, 
the  mean  variation  was  7.9  per  cent.  From  the  crush- 
ing strengths  of  over  5,600  test  specimens  (these  data 
also  being  furnished  through  the  courtesy  of  Professor 
A.brams)  the  mean  variation  was  found  to  be  7.8  per 
cent.     The  5,600  specimens  were  divided  into  groups 
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Fig.    5. — Diagram    Showing    Number    of    Steel    Bars 
(Tested  in  Tension)  Varying  from  Group  Mean  by 
Different    Amounts.     Three    Bars    Constituted    a 
Group.     Based  on  Tests  of  393  Specimens 

of  10  specimens  of  supposedly  identical  concrete,  but 
among  the  groups  there  was  included  a  wide  variety 
of  concrete,  both  as  to  composition,  age  and  various 
other  conditions  of  manufacture.  The  results  are 
shown  graphically  in  Figure  4.  A  special  group  of 
about  1,300  specimens,  included  within  the  5,600  noted 
above,  gave  a  modulus  of  variation  of  8.1  per  cent. 

Thus,  results  of  tests  of  concrete  specimens  of  con- 
siderable divergence  both  in  character  and  method  of 
testing  have  been  presented,  yet  there  seems  to  be  no 
great  divergence  in  values  found  for  the  modulus  of 
variation.  There  seems  to  be  neither  more  nor  less 
variation  in  the  results  of  the  crushing  strength  of  the 
road  cores  than  in  the  crushing  strength  of  the  labora- 
tory-made specimens. 

A  still  further  interesting  comparison  was  made 
possible  through  the  courtesy  of  F.  C.  Langenberg, 
metallurgist  at  the  Watertown  Arsenal,  who  made 
available  the  results  of  tension  tests  of  392  samples  of 
various  kinds  of  steel,  there  being  generally  three 
specimens  of  each  kind  in  a  group.  From  these 
residts,  there  was  computed  the  modulus  of  variation 
for  steel  which  was  found  to  be  only  0.62  per  cent.  A 
graph  illustrating  these  results  is  shown  in  Figure  5, 
where  it  is  seen  that  the  general  trend  of  the  curve  for 
the  steel  specimens  is  substantially  the  same  as  for  the 
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concrete  specimens;  but  the  variation  for  the  steel 
specimens  is  within  much  narrower  limits,  the  average 
value  or  modulus  of  variation  for  the  steel  being  only 
about  8  per  cent  of  that  for  the  concrete  specimens,  or, 
0.6  per  cent  for  the  steel,  as  compared  with  8  per  cent 
for  concrete.  .     . 

This  seems  to  indicate  that  the  modulus  of  variation 
is  indicative  of  the  relative  homogeneity  of  the  mate- 
rials, provided  a  sufficient  number  of  tests  of  specimens 
is  at  hand  to  yield  a  characteristic  value.  The  dia- 
grams here  shown  for  the  crushing  tests  upon  concrete 
also  give  information  as  to  the  reliability  of  an  indi- 
vidual result  when  it  may  be  compared  with  a  group 
mean.  Examination  of  Figure  3  shows  that  a  large 
majority  of  the  test  results  have  a  variation  of  less 
than  16  per  cent.  Basing  his  conclusion  on  this  curve, 
the  author  suggests  that  if  the  variation  of  an  individual 
specimen  from  its  group  mean  is  more  than  16  or  18  per 
cent,  this  specimen  may  be  omitted  from  the  series  as 
exceptional.  Where  but  a  few  test  results  are  avail- 
able, such  exceptional  values  should  not  be  included  in 
computations  to  determine  a  probable  mean  value. 

EFFECT   ON   THE  STRENGTH   OF    CONCRETE    OF    HAULING    AFTER 

MIXING 

It  is  often  convenient  to  plan  concrete  road  work  so 
that  the  mixed  concrete  is  hauled  to  the  road  from  a 
central  mixing  plant.  This  was  the  method  used  to 
place  the  concrete  shoulders  on  the  Baltimore-Wash- 
ington road  near  Muirkirk.  The  central  plant  was 
located  near  Muirkirk  station,  and  the  concrete  was 
hauled  varying  distances  up  to  4  miles  to  construct  the 
shoulders  on  each  side  of  the  road.  This  afforded  a 
splendid  opportunity  to  ascertain  what  effect  the  haul 
had  produced  on  the  concrete  in  the  road.  For  this 
purpose,  groups  of  three  cores  were  drilled  from  the 
shoulders  on  each  side  of  the  road  at  quarter-mile  in- 
tervals. Thus,  there  were  six  cores  drilled  one-quarter 
mile  from  the  mixing  plant,  six  at  one-half  mile,  and  so 
on  to  a  total  distance  of  4  miles.  The  average  com- 
pressive strength  for  each  group  of  three  cores  is  shown 
graphically  in  Figure  6.  The  results  indicate  that  there 
is  a  gain  in  strength  with  increasing  length  of  haul  for 
the  first  2  or  3  miles,  and  a  slight  falling  off  in  strength 
for  a  haul  of  4  miles.  In  general,  the  concrete  that 
had  been  hauled  4  miles  was  somewhat  stronger  than 
that  hauled  but  a  short  distance  only.  While  the  re- 
sults may  not  warrant  such  precise  conclusions  as  are 
indicated  by  the  average  curve  drawn  on  the  diagram, 
certainly  it  may  be  concluded  that  hauling  the  con- 
crete for  3  or  4  miles,  after  it  had  been  mixed,  in  no  way 
injured  it  and  probably  actually  increased  its  strength. 


(Continued  from  p.  13S) 


The  plan  of  improvement  here  presented  has  been 
developed  throughout  on  the  basis  of  facts  as  deter- 
mined by  the  planning  survey.  The  improvements 
planned  are  all  necessary  to  a  properly  coordinated 
highway  system. 

The  completion  of  the  plan  will  relieve  traffic  con- 
gestion and  eliminate  many  of  the  most  serious  traffic 
bottle  necks  in  the  area.  Traffic  conditions,  however, 
are  constantly  changing,  and  the  recurrence  of  present 
conditions  can  be  prevented  only  by  careful  and  far- 
sighted  planning  based  on  a  definite  knowledge  of 
these  changing  highway  and  traffic  conditions.  Proper 
highway  planning  must  be  a  continuous  process,  based 
on  a  continuing  series  of  facts  in  order  that  the  con- 
stantly increasing  traffic  demands  may  be  foreseen 
and  met  with  improvements  as  required. 


(Continued  from  p.  147) 

Table  6. — Impact  tests  on  synthetic  gravel 

[Each  value  is  the  average  of  five  tests] 

Size  of  particle  (inches) 

Inches  drop  at  failure 

Sample  6 

Sample  12 

Sample  13 

HtoM-  -                  

3.0 
4.0 
6.5 
7.0 

6.0 
6.5 
6.0 
7.0 

5.0 

%  to  1 -_- - 

5.5 

1  to  lj-^    .                              - 

7.5 

\Vi  to  2...             

7.0 

loss  in  the  abrasion  test.  The  abrasion  test  as  now 
made  does  not  differentiate  between  samples  of  uniform 
and  nonuniform  quality,  and  it  is  thought  that  the  test 
should  either  be  modified  to  determine  the  uniformity 
of  the  material  or  be  supplanted  by  other  tests  which 
do  determine  this  quality. 

Certain  static-load  and  impact  tests  to  determine  the 
percentage  of  soft  or  disintegrated  particles  in  a  gravel 
are  now  being  investigated.  These  include  a  static-load 
test  developed  by  the  Iowa  State  Highway  Commis- 
sion, as  well  as  the  impact  test  referred  to  above,  both 
of  which  are  described  in  the  U.  S.  D.  A.  Bulletin  1216, 
Revised  Tentative  and  Standard  Methods  for  Sampling 
and  Testing  Highway  Materials,  which  is  now  in  course 
of  publication.  The  percentage  of  extremely  soft  or 
disintegrated  fragments,  rather  than  the  percentage  of 
wear  on  the  entire  sample,  may  prove  to  be  the  essential 
feature  in  the  selection  of  a  gravel  for  use  in  concrete. 

The  results  of  the  abrasion  tests  made  with  crushed 
rock  show  that  the  percentage  of  wear  averages  90  per 
cent  of  that  for  the  standard  test  on  hand-broken  rock. 
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LANDSLIDES  AND  THEIR  RELATION  TO  HIGHWAYS 

A  REPORT  OF  OBSERVATIONS  MADE  IN  WEST  VIRGINIA,  OHIO,  AND  SOUTHWESTERN  PENNSYLVANIA 


Reported  by  GEORGE  E.  LADD,  Associate  Economic  Geologist,  United  States  Bureau  of  Public  Roads 

Part  2 


THE  earlier  report  dealing  with  this  subject '  dis- 
cussed the  geological  characteristics  of  the 
regions  in  West  Virginia  and  Ohio  where  land- 
slides occur  and  the  causes  of  their  occurrence.  This 
article  will  deal  more  particularly  with  the  engineering 
problems  involved  and  the  various  methods  of  control 
which  have  been  tried,  some  of  which  have  been  suc- 
cessful and  others  complete  failures. 

Since  the  preparation  of  the  first  article  some  study 
of  slides  has  been  made  in  southwestern  Pennsylvania, 
which  is  geologically  closely  related  to  the  area  studied 


Where  a  cut  has  been  made  in  tilted  strata  on  the  down- 
dipping  side  in  such  material  as  sandstone,  limestone,  and  solid 
shale  beds. 

•  Wrjreua  vertical  or  nearly  vertical  face  has  been  left  in  a  cut 
in  solid  shale,  jointed  shale,  or  jointed  shale  and  sandstone,  and 
material  is  precipitated  as  a  result  of  frost  action  or  slippage 
on  interbedded  seams  of  water-softened  clay. 

Accumulation  on  hillsides  and  in  gullevs  on  the  sides  of  high 
hills  of  detritus  consisting  of  clay  and  silt  from  decomposed  or 
weathered  shale,  highly  rounded  sand,  and  sandstone  fragments 
and  bowlders,  which  make  a  more  or  less  fluid  mass  when 
sufficiently  wet.  Detritus  of  this  character  is  also  found  in 
parts  of  river  flood  plains  as  a  result  of  old  slides  and  causes 
trouble. 


Avalanche  Type  Slide  in  Logan  County,  W.  Va. 


in  Ohio  and  West  Virginia.  The  area  in  Pennsylvania 
indicated  in  Figure  1  is  a  part  of  the  great  geosyncline 
extending  through  West  Virginia.  Sandstones  are  less 
abundant  than  in  the  area  covered  in  the  first  studies 
and  shale  predominates.  The  hills  are  more  gently 
rounded  and  the  predominance  of  shale  has  led  to 
prominence  of  clay  in  weathered  blankets  on  the  hill- 
sides. Water  is  freely  absorbed  by  this  material  and 
slides  occur  under  moderate  loads  and  on  very  gentle 
slopes. 

No  study  has  been  made  in  a  related  area  in  north- 
eastern Kentucky.  The  conclusions  presented  here 
pertain  specifically  only  to  the  shaded  area  of  Figure  1, 
although  they  may  be  occasionally  applicable  else- 
where. 

Before  describing  several  typical  landslides  it  may  be 
well  to  summarize  briefly  the  conditions  which  have 
led  to  landslides  as  pointed  out  in  the  previous  article. 
These  conditions  are  listed  as  follows: 

1  Landslides  and  their  relation  to  highways,  Public  Roads   vol.  8,  No.  2,  April, 
1927. 

14048—28 1 


Beds  of  plastic  or  fire  clay,  especially  near  the  surface. 

Plastic  clay  coatings  formed  on  slopes  beneath  detritus  by 
the  wetting  and  softening  of  comparatively  pure  shales. 

Artificial  fills  made  of  materials  of  the  general  character 
described  above. 

It  has  been  pointed  out  that  water  plays  a  very 
important  part  in  causing  slides  both  by  lubricating 
and  increasing  the  weight  of  material.  The  effect  of 
direct  rainfall  is  often  combined  with  seepage  to  pre- 
cipitate slides,  and  under  certain  conditions  direct 
rainfall  on  an  area  is  a  sufficient  cause.  Materials 
subject  to  sliding  may  be  moistened  sufficiently  to 
start  them  in  motion  either  directly  or  by  combinations 
of  the  following:  Rainfall  on  an  extensive  surface  of 
detritus;  rainfall  penetrating  plastic  clay  beds  near 
the  surface  of  fills;  rainfall  accumulated  in  long,  steep 
gulleys  filled  with  detritus;  underground  water  flowing 
through  joint  planes  in  sandstone  and  along  the  top  of 
impervious  shale  beds;  underground  water  passing 
through  shattered  shale  beds  or  through  shales  that 
are  very  sandy  and  somewhat  pervious;  water  from 
streams  during  floods,  wetting  the  base  of  fills,  or  an 
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underlying  detritus  blanket;  and  rain  water  accumu- 
lated and°stored  in  pockets  of  old  slides. 

Water  may  also  reach  material  in  unstable  equilib- 
rium from  artificial  sources  such  as  accumulations  in 
coal  mines  and  in  quarries,  especially  where  rock  seams 
have  been  opened  by  heavy  blasting;  it  may  be  let 
into  sidehill  fills  by  joints  in  culverts  which  have  opened 
as  a  result  of  settlement;  it  may  be  admitted  through 
broken  culvert  connections  or  from  side  ditches  during 
prolonged  rains. 

A  few  typical  slides  will  serve  to  illustrate  the  manner 
in  which  these  several  conditions  contribute  to  the 
movement  of  material  and  the  success  in  preventing 
the  movement  that  may  be  expected  of  various 
corrective  measures. 


PENNSYLVANIA 


Fig.   1. — Sketch   Showing   Area  Covered  in  Study  of 
Landslides 

avalanche  type  of  slide  removed  by  steam  shovel 

In  the  vicinity  of  Lyburn,  Logan  County,  W.  Va.,  in 
the  spring  of  1927,  a  landslide  occurred  on  a  hillside 
where  a  cut  had  been  made  partly  in  shaly  sandstone 
and  partly  in  overlying  detritus.  Where  the  slide 
occurred  the  material  was  all  detritus.  This  slide  was 
200  feet  wide  at  the  bottom,  measured  along  the  road 
and  extended  up  the  hill  for  a  distance  of  over  800 
feet.  At  the  upper  end  it  divided  and  detritus  moved 
from  two  forks. 

The  highway  is  on  a  narrow  bench  about  60  feet 
above  a  branch  of  the  Chesapeake  &  Ohio  Railroad 
which,  in  turn,  is  about  20  feet  above  the  Guyandot 
River.  The  slide  buried  the  highway  to  a  depth  of 
25  feet  or  more,  and,  crossing  the  road,  buried  the 
Chesapeake  &  Ohio  tracks  below.  Steam  shovels  at 
each  end  of  the  slide  worked  for  30  days  opening  the 
highway  for  traffic.  Trucks  had  to  haul  the  detritus 
2  miles  at  one  end  and  7  miles  at  the  other.  Ten  thou- 
sand cubic  yards  were  removed  from  the  highway.  The 
railroad  was  blocked  for  about  four  days  until  track 
could  be  relaid  upon  the  bench  widened  by  the  slide. 

The  slide  was  of  the  avalanche  type,  rare  in  this  area, 
and  except  for  a  small  subsequent  movement  was  over 
in  less  than  two  hours.  The  detrital  material  contains  an 
■extremely  small  amount  of  clay,  a  great  deal  of  rounded 
sand,  and  an  abundance  of  sandstone  fragments  and 
bowlders. 


It  caused  considerable  indirect  damage,  especially  to 
the  railroad  which  normally  handles  a  large  tonnage  of 
coal  over  this  branch.  During  this  tie-up  15,000  people 
were  supplied  with  food  by  carrying  supplies  over  the 
slide,  with  truck  delivery  at  both  ends. 

The  fact  that  the  cut  was  in  detritus  for  the  entire 
width  of  the  slide,  considered  with  topographic  evidence, 
indicates  original  development  of  a  gully  by  ancient 
slides  and  the  subsequent  filling  by  numerous  lateral 
slides.  This  one  occurred  following  a  heavy  rain  which 
saturated  the  porous  detritus,  lubricated  the  small 
amount  of  clay  and  rounded  sand  particles,  added  the 
weight  of  a  large  volume  of  water,  and  so  started  the 
movement  down  the  mountain  side  which  at  this  point 
has  a  slope  of  about  45°. 

Except  in  suddenness  of  occurrence,  this  slide  typifies 
those  which  come  upon  the  road  and  leave  a  large 
yardage  to  be  removed  by  steam  shovel.  The  direct 
costs  to  State  and  railroad  were  over  $30,000.  Further 
slides  do  not  appear  to  be  impending  in  the  immediate 
future,  but  the  mass  of  material  above  the  road  indi- 
cates that  slides  will  recur  at  some  future  time. 

SLIDE  TEMPORARILY  CONTROLLED  BY  LOG  CRIBBING 

Near  Barnabas,  Logan  County,  W.  Va.,  a  slide  moved 
down  onto  a  road  at  intervals  for  four  years.  As  in 
the  Lyburn  slide,  there  was  an  exceptionally  thick 
accumulation  of  detritus  in  a  ravine  formed  by  an  old 
slide.  Such  an  accumulation  can  very  easily  occur  in 
the  sandy,  rocky  materials  of  the  local  detritals.  A 
large  water  supply  reaches  the  area  of  the  slide  because 
of  topographic  conditions  and  the  volume  retained  is 
great  as  a  result  of  unusual  thickness  of  detritus  and 
its  porous  nature.  This  slide  necessitated  removal  of 
32,000  cubic  yards  of  material  with  steam  shovels. 

Following  the  last  clean-up,  cribbing  was  installed  to 
check  the  slide.  White-oak  logs  12  to  14  inches  in 
diameter  at  the  butt  and  12  feet  long  were  placed  in  a 
manner  similar  to  that  illustrated  on  page  162.  The 
tie  logs  extending  back  into  the  slide  were  at  intervals 
of  4  to  5  feet.  Slope  adjustment  of  the  detritus,  which 
began  shortly  after  the  setting  of  the  cribbing,  buried 
everything  but  the  face  of  the  cribbing,  but  the  move- 
ment was  finally  halted.  Previous  expenditures  at  this 
point  by  the  county  have  amounted  to  $17,300.  The 
cribbing  described  above  cost  $2,200  for  logs  and  $2,500 
for  labor.  The  slide  is  now  apparently  controlled;  but 
the  control  is  only  temporary  as  the  cribbing  timbers 
will  rot  and  it  is  probable  that  the  detrital  mass  will 
again  move  upon  the  highway. 

RETAINING  WALL  HOLDS  SIDEHILL  FILL 

In  Green  County,  Pa.,  between  Washington  and 
Waynesburg,  the  highway  traverses  a  hillside  for  a 
considerable  distance.  The  surface  material  is  decom- 
posed shale,  which  freely  absorbs  water,  as  evidenced 
by  crawfish  holes  in  fields  on  both  sides  of  the  road. 
In  many  places  side  fills  built  of  this  unstable  material 
go  out  and  undermine  the  pavement.  At  one  or  two 
points  drainage  methods  which  will  be  described  later 
have  been  employed  for  control  of  such  subsidences, 
but  in  most  instances  where  trouble  has  been  encoun- 
tered reinforced  concrete  retaining  walls  have  been 
built  on  the  lower  side  of  the  road.  These  walls  have 
held  the  road  in  place.  One  typical  wall  is  150  feet 
in  length,  13  feet  high,  and  rests  upon  a  9-foot  footing 
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which  is  set  from  3  to  5  feet  in  solid  shale.     Such  a 
wall  costs  about  $8,500,  or  about  $57  per  running  foot. 

RETAINING  WALL  PLACED  WHERE  CHEAPER  DESIGN  WOULD  HAVE 
BEEN  ADEQUATE 

Federal-aid  project  No.  143-A,  West  Virginia,  winds 
among  high  hills  between  West  Union  and  Parkers- 
burg.  During  grading  operations  2  miles  west  of 
West  Union  it  was  found  tbat  the  fill  shoulder  would 
not  stand.  The  fill  descends  to  a  meadow,  which  is 
badly  drained  and  very  wet.  The  slide  was  not  at- 
tributed to  capillary  water  from  the  meadow,  as  it  was 
thought  that  both  the  fill  and  the  meadow  were  supplied 
with  seepage  from  a  somewhat  previous  shale  or  from 
a  coal  seam  within  it.  A  standard  type  concrete  re- 
taining wall  was  built  4  feet  from  the  edge  of  the 
pavement. 

The  illustration  below  shows  the  conditions  at  this 
location.  More  or  less  solid  shale  extends  in  places 
nearly  to  the  level  of  the  road,  but  it  is  not  as  compact 
as  most  shales  in  this  district.  It  is  quick  to  disinte- 
grate under  weathering  influences,  as  shown  by  the 
retreat  of  its  face  beneath  the  ledge  of  sandstone  above 
the  road.     The  retaining  wall  has  no  surcharge,  and 
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Excavation     for    Retaining     Wall    to     Hold     Road 
Shoulder,  near  West  Union,  W.  Va. 

considering  the  amount  of  material  to  be  held  by  it 
the  cost  seems  unduly  high.  Well  casing  could  have 
been  deeply  set  in  the  shale  extending  beyond  the 
foundation  for  the  retaining  wall  (see  illustration)  and 
filled  with  reinforced  concrete.  If  spaced  closely,  they 
would  form  a  thin  and  light  type  of  wall,  which  would 
have  cost  much  less  than  a  retaining  wall.  Such  a 
wall  could  have  been  back-filled  with  sandstone  taken 
from  the  ledge  above  the  road,  and,  with  proper  weep 
holes,  having  no  serious  pressure  to  withstand,  could 
easily  have  held  the  road  shoulder.  The  writer  was 
among  those  responsible  for  the  construction  of  a  re- 
taining wall  and  shares  fully  in  the  responsibility  for 
it,  but  wider  observations  of  similar  cases  are  convinc- 
ing that  there  is  a  cheaper  and  quicker  way. 


SATURATED  FILL  OVERTURNS  RETAINING  WALL 

On  West  Virginia  Federal-aid  project  No.  19,  at  a 
point  known  as  White  Rock  on  the  West  Fork  River, 
a  retaining  wall  was  built  on  the  river  side  to  hold  a 
side  fill  in  place.  The  highway  is  located  about  50 
feet  above  the  river  and  the  wTall  was  founded  on  solid 


A  Slide  in  Putnam  County,  W.  Va.,  which  Overturned 
a  Retaining  Wall 

rock  which  outcropped  along  the  river  bank  near  the 
low-water  mark.  The  gravity-type  wall  was  keyed 
into  the  rock  in  the  usual  manner  and  was  approxi- 
mately 60  feet  in  length,  15  feet  in  height,  and  6  feet 
thick  at  the  base.  A  fill  consisting  of  some  shale  and 
rock,  but  mostly  of  weathered  detritus,  was  placed 
back  of  the  wall  and  extended  from  its  top  to  the  high- 
way on  a  slope  of  45°.  Drainage  channels  were  left 
in  the  wall. 

After  completion  of  this  wall  there  was  a  period  of 
high  water  in  the  river  which  lasted  for  several  days, 
and  the  wrater  rose  to  approximately  the  top  of  the  wall. 
It  then  fell  rapidly,  and  within  a  few  days  was  back 
to  normal.  Shortly  afterwards  the  wall  toppled  over 
into  the  river.  There  was  no  breaking  of  the  concrete. 
The  wall  remained  intact,  lying  on  its  side  in  the  water. 

The  explanation  is  simple.  During  the  flood  stage 
water  flowed  in  through  the  weep  holes  and  around  the 
ends  of  the  wall,  thoroughly  saturating  the  fill  back  of 
it.  This  caused  no  damage  as  long  as  the  river  was  up, 
but  when  it  fell  to  normal  stage  it  removed  the  com- 
pensating pressure  from  the  face  of  the  wall;  and  the 
saturated  material  back  of  it,  which  exerted  a  more  or 
less  liquid  pressure  against  the  concrete,  plus  the  effect 
of  the  surcharge  of  the  fill  above,  caused  the  failure. 

Another  wall  failure  occurred  in  Putnam  County, 
W.  Va.,  where  a  cement-rubble  retaining  wall,  200  feet 
lono-  set  in  shale  about  75  feet  beyond,  and  well  below 
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the  road  shoulder,  went  out  during  a  rainy  spell.  The 
cause  in  this  case  was  apparently  an  excessive  surcharge 
of  the  saturated  fill  above.  A  number  of  natural  slides 
occurred  at  the  same  time  in  the  vicinity,  one  of  them 
about  100  feet  from  the  toe  of  the  wall. 

SLIDING  FILL  PROVES  DIFFICULT  TO  CONTROL 

About  1912  Cabell  County,  W.  Va.,  took  over  a  sec- 
tion of  abandoned  railroad  right  of  way  from  the  Chesa- 
peake &  Ohio  Railroad  between  B arbours ville  and  the 
Putnam  County  line  east  of  Huntington.  On  this 
grade  the  county  built  a  16-foot  grouted  brick  pave- 
ment on  a  concrete  base.  The  State  road  commission 
of  West  Virginia  took  it  over  for  maintenance  on  Janu- 
ary 1,  1922. 


at  the  same  place  where  the  old  fill  had  settled,  carrying 
still  more  of  the  old  fill  with  it.  About  this  time  it  was 
noticed  that  the  ground  at  the  toe  of  the  fill  was  rising 
in  front  of  the  slide.  This  continued,  as  the  movement 
of  the  fill  progressed,  until  a  section  averaging  20  feet 
wide  and  extending  about  100  feet  along  the  toe  of  the 
fill  had  been  lifted  from  3  to  6  feet  above  its  original 
elevation. 

In  the  spring  of  1926  cburn-drill  soundings  were  made 
parallel  with  and  at  the  toe  of  the  fill.  Rock  was  found 
at  elevations  varying  from  4  to  12  feet  below  tie  ground 
surface,  the  latter  elevations  being  near  the  center  of 
the  fill. 

It  was  decided  to  set  well  casing  filled  with  concrete 
in  this  stratum.     A  well  drill  was  used  to  sink  8-inch 
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Fill  Slide  at  Lee's  Creek,  W.  Va. 


The  road  crosses  a  deep  ravine  on  a  fill  about  450  feet 
long  at  Lee's  Creek,  2l/2  miles  east  of  Milton.  During 
the  winter  of  1924-25  a  section  of  the  fill  near  the  west 
end  started  to  move  from  under  the  pavement  on  the 
north  side.  In  the  spring  the  movement  increased  and 
it  was  necessary  to  support  the  pavement  by  tamping 
rock  and  other  material  under  it.  A  section  about  40 
feet  long  and  half  the  width  of  the  pavement  finally 
failed. 

In  September,  1925,  widening  of  the  fill  on  that  side 
was  begun.  In  order  to  compact  the  new  fill  as  much  as 
possible,  it  was  put  in  with  wheel  scrapers,  starting  at 
the  toe  of  the  old  fill.  The  new  fill  was  carried  up 
about  10  feet  wide  and  was  kept  level,  the  teams  trav- 
eling the  whole  length  of  the  fill  in  going  to  and  from 
the  borrow  pit. 

This  work  was  completed  the  latter  part  of  Septem- 
ber.    During  the  winter  of  1925-26  the  new  fill  slid  off 


holes  through  the  detritus  and  8  feet  into  the  rock, 
which  seemed  to  be  a  fairly  bard  sandstone.  Well 
casings,  6^  inches  inside  diameter,  were  set  in  these 
holes  and  filled  with  concrete.  Where  the  rock  was 
more  than  8  feet  below  the  surface,  four  3^-inch  rein- 
forcing rods  were  set  in  each  casing.  One  hundred  and 
twenty  of  such  casings  were  set  on  3-foot  centers. 
After  these  casings  were  completed,  the  slope  of  the  fill 
was  trimmed  and  ditched  and  no  pockets  were  left  to 
catch  water. 

During  the  winter  of  1926-27  the  fill  continued  to 
settle,  although  to  a  somewhat  less  degree  than  during 
the  two  preceding  winters.  Early  in  the  spring  of  1927, 
12  of  the  casings  where  the  rock  was  deepest  showed 
signs  of  bending  over.  By  the  summer  of  1927  they 
had  failed  completely.  These  were  the  casings  which 
had  been  reinforced/  The  fill  continued  to  sink  from 
under  the  pavement  in  a  section  40  feet  long.     The 
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break  which  had  previously  extended  only  to  the  center 
of  the  pavement  now  covered  nearly  the  whole  width. 
No  sign  of  slipping  appeared  on  the  opposite  side  of 
the  fill. 

In  April,  1927,  a  core  drill  was  used  to  sink  a  line  of 
holes  parallel  to  the  curb  and  about  2  feet  from  it  across 
the  entire  north  side  of  the  fill.  Nothing  but  fill  mate- 
rial and  detritus  was  encountered  to  a  depth  of  from 
38  to  52  feet  below  the  pavement  except  a  few  scattered 
bowlders.  The  greatest  depth  to  rock  was  in  the  bed 
of  Lee's  Creek,  which  crosses  the  fill  about  one-third  of 
its  length  from  the  east  end. 

In  August,  1927,  one  hundred  and  twenty-two  25- 
font  oak  piles  were  driven  parallel  to  the  pavement 
and  about  one-third  of  the  distance  up  the  slope  from 
the  casing.  These  were  spaced  3  feet  apart.  In  Octo- 
ber the  fill  was  brought  to  the  proper  cross  section  by 
addition  of  new  material.  This  material  was  dis- 
tributed by  hand  so  as  to  have  the  slope  as  uniform  as 
possible. 

At  present  the  slide  movement  seems  to  have  stopped. 
There  is  still  a  little  settlement  in  the  pavement,  but 
this  is  to  be  expected  as  normal  settling  against  the 
piling. 

It  is  probable  that  this  fill  will  continue  to  give 
trouble  and  that  slumps  and  subsidences  will  recur,  in 
spite  of  any  physical-force  methods  of  control,  until 
the  water  problem  is  solved.  A  sluggish  stream  flows 
through  a  swampy  tract  near  the  foot  of  the  fill.  Old 
detritus  and  stream-deposited  muck  underlie  one  side, 
at  least,  of  the  fill.  These  are  water-saturated  in  part 
from  the  stream,  and  in  part  from  a  water-bearing  seam 
somewhere  beneath  the  fill  at  its  hillside  contact  and 
it  is  believed  that  a  permanent  remedy  lies  in  drainage 
rather  than  attempts  to  hold  back  the  fill. 

FILL  SLIDES  OF  VARIOUS  TYPES  DESCRIBED 

In  southwestern  Pennsylvania  a  concrete  highway 
was  constructed  on  a  hillside.  Part  of  this  road  crossed 
old  slide  material  and  at  one  point  the  grade  line 
required  a  fill  of  2  or  3  feet  on  the  uphill  side  and  con- 
siderably   more    on    the    downhill    side.     The    outer 


An  Old  Slide  Started  in   Motion  by  Weight  of  New 
Highway  Fill  of  only  Moderate  Height 

shoulder  was  built  of  shale  and  decomposed  shale  or 
siliceous  clay.  This  fill  extended  down  to  a  garden 
plot  in  front  of  a  two-story  frame  residence  erected  on 
old  slide  material.  A  short  distance  beyond  this  resi- 
dence the  land  drops  sharply  for  a  short  distance  to  a 
small  stream. 


Not  long  after  construction  was  completed 
of  pavement  dropped  about  6  feet  vertically 


a  section 
and  the 


Side  Fill  Slides  and  Resulting  Damage  to  Highways 

pavement  was  dislocated  laterally  for  a  distance  of  200 
feet  or  more.  A  domelike  bulge  arose  in  the  garden 
and  the  whole  mass  of  the  old  slide  moved  sufficiently 
to  break  the  foundation  of  the  house,  leaving  the  base- 
ment without  walls  on  two  sides,  threatening  the  house 
and  making  it  unsafe  for  occupancy.  The  construction 
of  the  highway  added  additional  weight  on  the  old  slide 
but  did  not  change  conditions  otherwise.  The  original 
mass  must  have  been  barely  stable  and  a  moderate  load 
was  sufficient  to  start  it  in  motion. 

The  old  slide  was  evidently  fed  by  seepage  through  a 
noncompact  shale  near  the  road  level.  There  are 
hundreds  of  cases  similar  to  this  in  character.  Tin  \ 
are  so  frequent  as  to  make  imperative  a  study  of  local 
conditions  before  construction  is  begun.  Such  a  study 
should  include  observation  of  wet  spots  following  rain\ 
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spells   but  after  a  general  superficial  drying  of  the  sur-    material    was    decomposed,  disintegrated    clay    taken 
face.  '  Where  seepage  is  indicated,  ample  drainage  must    from  an  adjacent  18-foot  cut  through  laminated  clay 


be  established  on  the  inside  of  the  road. 


The  lower  layer  of  the  cut  was  quite  plastic.  Grading 
was  begun  in  the  winter  of  1925  and  was  completed 
about  the  first  of  the  following  May. 

Ten  days  after  completion  of  the  work  the  whole 
lower  side  of  the  fill  went  out,  carrying  about  half  of  the 
roadway,  which  settled  about  20  feet.  It  was  evident 
that  the  fill  material  would  flow  readily  when  wet,  but 
there  was  no  evidence  of  seepage  or  sufficient  rainfall 
to  cause  a  slide. 

A  probable  explanation  of  this  failure  is  that  the  fill 
was  built  of  clay,  much  of  which  was  very  plastic  in 
the. winter  time.  The  lower  part  of  the  fill  was  con- 
structed with  wet  clay,  much  of  which  was  frozen. 
A  considerable  load  was  placed  on  this  material  and 
when  the  winter  and  rains  came  the  load  was  increased 
by  moisture.  The  frozen  wet  clay  thawed,  the  bottom 
flowed  out,  and  the  fill  collapsed. 


A  Concrete  Road  Supported  on  Posts  after  a  Side- 
hill  Slide 

A  retaining  wall  was  built  at  the  toe  of  the  slide 
and  the  original  42-inch  culvert  pipe,  172  feet  long,  was 
extended  to  a  length  of  200  feet.  About  1,000  cubic 
yards  of  rock  placed  on  the  side  of  the  fill  as  it  was 
built  up,  presumably  with  the  idea  of  holding  it  in 
place,  merely  added  to  the  weight  on  the  underlying 
mucky  ground  and  caused  it  to  overflow  the  retaining 
wall  and  rise  4  feet  above  its  top. 

A  few  miles  west  of  Clarksburg,  W.  Va.,  a  sidehill 
fill  slid  out  from  under  a  considerable  portion  of  a  con- 
crete pavement.  A  row  of  concrete  posts  was  installed 
to  support  the  pavement,  the  backfilling  was  tamped  in, 
and  the  road  shoulder  was  refilled.  The  concrete  posts 
were  set  in  old  detritus  rather  than  in  solid  material; 
water  continued  to  penetrate  the  fill;  and  it  again  went 
out,  taking  with  it  material  from  beneath  the  supporting 
concrete  posts. 

It  is  probable  that  deep  but  relatively  inexpensive 
drainage  installed  inside  of  the  road  would  have  safe- 
guarded the  fill  and  pavement.  The  entire  section  of  road 
was  relocated,  however,  so  as  to  place  it  on  a  solid  shale. 

DRAINAGE  PROVES  EFFECTIVE  IN  STOPPING  SLIDE 

One  of  the  most  interesting  and  instructive  cases  of 

slide  and  fill  subsidence  occurred  on  a  highway  on  Bell 

Hill  about  1  mile  east  of  Morgantown,  W.  Va.     An  old 

county  road  descended  the  hill  to  a  small  valley  where 

In  southwestern  Pennsylvania  a  fill  was  constructed    a  bridge  crossed  a  stream.     The  old  road  had  required 

which  contained  9,000  cubic  yards.     It  was  60  feet  deep    a  small  cut  in  shale  and  some  underlying  detritus  on  the 

at  the  lower  toe  and  25  feet  at  the  upper  toe.     The    hillside  and  the  material  had  been  thrown  over  the 


Views    of   Slide    and    Corrective   Measures  on   Bell 
Hill  near  Morgantown,  W.  Va. 
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side  and  constituted  a  moderate  fill.  A  number  of 
years  passed  without  record  of  noteworthy  trouble. 

When  the  road  was  improved  by  the  State  as  a 
Federal-aid  project  it  was  thought  best  to  locate  it 
further  into  the  hillside  on  more  solid  material.  The 
new  road  was  placed  10  feet  back  in  the  hillside,  the 
bridge  approach  was  raised  6  feet,  and  a  new  bridge 
was  constructed.  The  hillside  cut  furnished  material 
for  the  wedge-shaped  fill  downhill  to  the  bridge,  and 
a  large  surplus  which  was  dumped  on  the  hillside  fill 
making  a  very  wide  shoulder.  The  load  on  this  fill 
was  increased  by  building  a  high  bank  on  the  outer 
shoulder  to  serve  as  a  guard  for  traffic.  All  of  this  was 
dumped  on  old  slide  material,  which,  however,  was 
berm,  and  did  not  involve  the  area  to  be  paved. 

The  road  was  graded  in  the  summer  of  1925,  and  in 
the  fall  or  winter  of  1925-26,  a  period  of  wet  weather 
set  in  which  was  followed  by  a  break  extending  diagon- 
ally across  the  road  at  a  point  about  halfway  down  the 
hill.  The  location  of  this  break  is  indicated  in  Figure 
2,  by  the  letter  A.  The  road  settled  almost  vertically, 
below  the  break.  The  bottom  land  below  the  slide 
showed  unmistakable  signs  of  many  old  slides  indicated 
by  rolls  or  slight  hillocks.  After  the  road  settled  it  was 
observed  that  the  land  near  the  bottom  began  to  up- 
heave and  there  were  indications  of  considerable  pres- 
sure apparently  transmitted  from  the  weight  of  the  fill 
to  the  plastic  subsoil  below. 

A  slip  also  occurred  in  the  sidehill  fill  at  the  point 
marked  B  in  Figure  2.  After  the  slip  occurred  a  stream 
of  water  could  be  seen  emerging  from  the  solid  material 
approximately  8  feet  below  the  surface  of  the  road. 
This  water  had  entered  the  loose  fill  on  the  hillside  and 
so  saturated  the  earth  that  it  became  semiliquid,  and 
settled  down  into  the  bottom  on  an  angle  of  repose  not 
exceeding  20°.  At  the  top  of  this  slip  the  ground  rose 
almost  vertically  to  the  surface  of  the  road,  8  feet  above 
the  point  where  the  water  emerged. 

Discovery  of  this  stream  of  water  led,  quite  natur- 
ally, to  control  by  drainage.  A  ditch  was  dug  along 
the  upper  side  of  the  road  which  extended  from  the 
top  of  the  grade  two-thirds  of  the  distance  toward  the 
small  stream.  Flowing  water  was  encountered  at  a 
depth  of  approximately  8  feet.  The  ditch  was  carried 
approximately  10  feet  deep  and  into  solid  rock,  and  an 
8-inch  tile  drain  with  open  joints  was  laid  on  a  gradient 
of  approximately  3  per  cent.  The  ditch  around  the 
tile  was  filled  with  broken  stone  and  over  this  several 
feet  of  cinders  were  placed.  The  remainder  of  the 
ditch  was  filled  in  with  earth.  This  drain  intercepted 
the  water  as  it  flowed  from  the  rock  and  discharged  it 
into  the  open  ditch  near  the  small  stream.  The  drain 
effectually  stopped  the  flow  of  water  into  the  slip  below 
the  road.  Even  in  dry  periods  the  discharge  of  water 
from  the  drain  was  sufficient  to  fill  a  2-inch  pipe.  The 
fill  along  the  lower  side  of  the  road  (at  point  B)  was 
then  replaced  to  form  a  shoulder,  and  this  fill  has  shown 
no  signs  of  settlement  since  that  time. 

The  slip,  marked  A,  Figure  2,  was  filled  in  with  cin- 
ders and  appeared  to  be  stable.  In  the  late  fall  of 
1926,  however,  a  large  water  main  supplying  the  city 
of  Morgantown,  which  was  located  on  the  upper  side 
of  the  road,  broke  as  a  result  of  a  slide  above  the  road 
and  for  a  number  of  hours  discharged  a  large  volume 
of  water  into  the  slip  and  over  the  road  at  A.  This 
water  thoroughly  saturated  this  slip  and  much  settle- 
ment took  place  in  the  week  following  the  break.     As 


the  road  settled  it  was  brought  back  to  grade  with 
cinders,  and  it  was  used  as  a  cinder  road  during  the 
winter  of  1926-27.  In  the  spring  of  1927  it  was  ob- 
served that  very  little  settlement  or  slipping  had  taken 
place  during  the  winter  months.  Careful  observations 
were  taken  over  a  period  of  four  months  in  the  spring 
and  practically  no  settlement  was  observed.  A  con- 
crete surface  was  then  laid.  Shortly  afterward  a  set- 
tlement of  about  2  inches  took  place  along  the  lower 
side  of  the  road,  but  no  further  settlement  has  occurred 
up  to  the  present  time. 

It  is  believed  that  the  breaking  of  the  water  main 
thoroughly  saturated  the  slip  and  caused  the  maxi- 
mum settlement  for  such  material.  There  has  been 
subsequent  drying  out  and  no  further  settlement  has 
taken  place  excepting  some  slight  readjustments. 
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Fig.  2. — Showing  Conditions  Surrounding  Slides~o.\ 
Bell  Hill  near  Morgantown,  W.  Va. 

FALL  OF  DEBRIS  A  SERIOUS  PROBLEM 

Slide  material  precipitated  in  ditches  and  on  roads 
is  generally  removed  by  steam  shovels  and  trucks,  but 
sometimes  hand  shoveling  and  trucks  are  used.  Dribble 
constitutes  the  greater  part  of  such  material  and  its 
occurrence  is  very  widespread.  Eight  steam  shovels 
have  recently  been  purchased  for  work  of  this  character 
in  eastern  Ohio. 

Often  the  cuts  made  in  massive  shale  leave  a  vertical 
face  rising  to  a  considerable  height  above  the  road.  If 
the  shale  is  jointed,  it  is  inevitable  that  frost  action  in 
time  will  precipitate  large  masses  on  the  road  below. 
Sometimes  a  broken  condition  results  from  heavy  blast- 
ing during  excavation.  Similar  dangerous  conditions 
are  also  found  in  sandstone. 
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Vertical  cuts  may  be  left  in  shale  if  it  is  compact, 
without  joints,  and  has  not  been  deeply  shattered  by 
blasting.  Otherwise,  where  possible,  a  suitable  slope 
should  be  provided  during  construction.  It  is  cheaper 
and  safer  to  remove  the  surplus  material  then  than 
to  have  to  remove  it  from  the  pavement,  and  run  the 
risk  of  physical  damage,  interference  with  traffic,  and 
possible  loss  of  life,  at  a  later  time. 

The  fall  of  much  of  this  small  material  is  not  eco- 
nomically preventable,  but  attention  should  be  given 
to  bowlders  and  outcrops  which  endanger  highway  traffic. 
Projecting  and  unsupported  sandstone  and  detached 
bowlders  resting  in  an  unstable  position  should  either  be 
pried  loose  or  blasted  and  deposited  below  the  highway. 

Cuts  should  not  be  made  in  strata  dipping  steeply 
toward  the  road  unless  absolutely  necessary.  This  is 
especially  true  if  the  rock  has  seams  of  clay  or  shale, 
even  though  only  an  inch  or  so  in  thickness.  Where 
su<h  a  cut  is  made,  rock  beds  above  should  be  anchored 
in  place  in  advance  of  blasting  by  a  system  of  reinforced 
concrete  piles  set  in  drill  holes. 


with  rows  4  feet  apart.  Frequently  the  piling  is  driven 
as  close  together  as  possible.  In  the  illustration  below 
a  row  of  piling  may  be  seen  so  massed  as  to  constitute 
a  retaining  wall.  Oak  piling  used  for  this  purpose 
varies   from   20   to    30   feet   in   length.     A   good  and 
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USE  OF  WOOD  PILES  HAS  DISADVANTAGES 

The  use  of  wood  piling  is  very  extensive.  It  may 
be  found  in  use  in  attempts — temporarily  more  or  less 
successful — to  hold  fills  in  place  and  to  hold  masses 
that  have  moved  or  threatened  to  move  on  a  road. 
There  are  cases  where  a  pavement  rests  in  part  upon 
old  slide  material  and  in  part  upon  fill.  Often  the 
pavement  is  threatened  with  undermining  and  disloca- 
tion, and  with  being  covered  by  material  from  above. 
In  such  cases  piling  has  been  placed  at  the  foot  of  the  fill 
and  at  the  upper  side  of  the  road.  As  many  as  five 
rows  may  be  seen  at  some  points.  Occasionally,  for 
a  single  purpose,  as  many  as  three  rows  are  placed. 
In  some  cases  they  are  staggered,  on  3  to  5  foot  centers, 


Casing  Filled  with  Reinforced  Concrete  Used  to  Re- 
tain a  Fill.  Oak  Piling  Nearer  the  River  has 
Failed  and  the  Concrete  Piling  is  Beginning  to 
Fail.  Drainage  of  a  Swampy  Area  on  the  Other 
Side  of  the  Road  Appears  to  be  the  Remedy 

general  practice  is  to  drive  it  to  refusal  into  an  under- 
lying bed  of  solid  shale.  Occasionally  piles  are  used 
wholly  in  fill  material  to  stiffen  the  mass  but  this 
practice  has  not  been  very  successful. 

H.  J.  Spelman,  division  engineer  of  the  West  Virginia 
State  Road  Commission  has  stated2  that  the  cost  of 
such  piling  in  his  division  when  done  by  contract  varied 
from  $0.75  to  $1  per  lineal  foot  of  timber.  Many  jobs 
have  been  reported  as  having  cost  approximately 
$0.90  per  lineal  foot  of  timber. 

The  use  of  wood  piling  is  believed  to  have  several 
disadvantages.  It  is  never  known  in  advance  whether  a 
single  row  will  prevent  the  movement  of  a  sliding  mass. 
The  sight  of  old  piles  either  completely  overthrown  or 
pointing  out  from  hillsides  like  cannon  is  not  uncommon. 
After  one  row  has  been  put  in,  if  there  is  evidence  .of 
further  movement,  another  row  may  be  added  and  so 
on  up  to  a  maximum  of  five.  Five  rows  may  cost  from 
$28  to*$33  per  lineal  foot  of  road.  The  life  of  untreated 
wood  piling,  and  this  is  almost  universally  used,  is 
relatively  brief.  The  United  States  Forest  Service 
estimates  it  at  approximately  eight  years. 

CASINGS  FILLED  WITH  CONCRETE  OFTEN  USED 

The  use  of  piling  formed  by  filling  well  casings  with 
concrete  has  increased  in  popularity  and  is  becoming 
extensive.  The  cost  in  this  district  is  somewmat  less 
than  it  would  be  elsewhere  as  second-hand  oil  and  gas- 
well  casings  can  usually  be  purchased.  The  concrete 
filling  is  sometimes  put  in  without  reinforcing.  Steel 
rods  are  the  common  reinforcement  but  in  a  few  cases 
steel  rails  have  been  used.  Mr.  Spelman  gives  the 
cost  of  such  casing  with  reinforcing,  at  $1.11  per  lineal 
foot  of  casing;  but,  on  many  jobs  it  has  cost  $1.20  or 

2  Engineering  News-Record,  Mar.  17,  1927,  p.  438. 
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Steel  Rails  Used  to  Hold  a  Slide 

more  per  lineal  foot.     No  overhead  is  included  in  these 
figures. 

This  type  of  piling  is  often  set  from  5  to  8  feet  deep 
in  so-called  solid  material  which  is  usually  shale  or  sand- 
stone. Both  this  type  of  piling  and  hardwood  piling- 
are  often  backed  with  planking,  especially  near  the  top. 

The  use  of  casing  filled  with  concrete  to  hold  any 
considerable  mass  of  sliding  material  is  always  exper- 
imental. The  piles  may  hold,  and  they  may  not. 
Sometimes  rows  of  piling  have  gone  out,  probably 
because  they  were  placed  too  near  the  edge  of  buried 
shale  or  rock  which  split  under  pressure. 

In  West  Virginia,  at  a  point  known  as  the  Godbey 
slide,  the  paved  road  which  was  buried  is  slightly  above 
a  small  river.  A  clean-up  was  made,  and  to  avoid 
future  trouble  detritus  was  removed  for  a  considerable 
distance  beyond  the  inside  shoulder  of  the  road.  This 
cut  exposed  a  vertical  face  of  solid  shale  12  or  15  feet 
in  height,  evidently  made  by  the  river  earlier  in  its 
history.  This  condition  shows  remarkably  well  how 
casing  might  be  set  near  the  edge  of  such  a  face  and 
result  in  failure.  It  is  important  that  the  outline  of 
solid  material  be  ascertained  before  such  control 
methods  are  undertaken. 


Types  of  Retaining  Wall  Used  to  Protect  Road 

There  are  numerous  failures  where  the  cause  is  un- 
known. Casings  may  have  been  set  in  shale  which 
softened,  allowing  them  to  tip  over.  They  may  have 
been  bent  or  broken.  It  would  be  worth  while  to  pull 
a  few  such  piles  to  get  more  definite  information. 

SHEET  PILING  AND  STEEL  RAILS  USED 

Only  one  case  of  the  use  of  sheet  piling  has  been 
observed.  On  this  job  the  sheet  piling  appeared  to 
have  stabilized  the  mass  above  it  which  was  already 
nearly  stable,  but  it  has  not  prevented  high  water  in 
the  stream  below  from  penetrating  the  fill,  which  was 
the  intent  of  the  experimental  undertaking.  The  cost 
per  lineal  foot  of  such  piling  is  intermediate  between 
that  of  oak  and  reinforced  concrete. 

Rows  of  steel  rails  have  occasionally  been  used  by 
railroads  for  the  control  of  slides,  and  in  one  or  two 
instances  by  highway  engineers,  but  not  very  satis- 
factorily.    A  case  of  such  use  is  illustrated  above. 
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RETAINING  WALLS  EXTENSIVELY  USED 

Retaining  walls,  although  relatively  expensive,  are 
extensively  used,  mostly  on  the  lower  side  of  the  pave- 
ment, but  not  infrequently  above  the  road  and  some- 
times to  protect  residential  property  and  cemeteries. 

Many  cases  have  been  observed  where  the  cost  ranged 
from  $35  to  $60  per  lineal  foot  and  where  less  expensive 
protection  such  as  casing  filled  with  concrete  would 
serve  as  well.  Usually  proper  drainage  on  the  inside 
of  the  road  and  beneath  it  will  be  cheaper  and  more 
satisfactory  in  results  than  a  retaining  wall. 


Timber  Cribbing  for  Slide  Control 

A  strong  objection  to  the  relatively  expensive  retain- 
ing wall  lies  in  the  uncertainty  as  to  the  magnitude  of 
the  forces  that  will  act  on  the  wall. 

ROADS  OFTEN  RELOCATED  TO  AVOID  SLIDES 

As  new  highway  projects  develop,  engineers  in  this 
district  are  concerning  themselves  more  and  more  with 
the  problem  of  relocation  at  obvious  points  of  danger. 
The  question  presented  is  that  of  balancing  the  present 
cost  of  more  or  less  extensive  grading  against  the 
probability  of  sooner  or  later  losing  part  of  a  paved 
road.  Occasionally  extensive  changes  in  plans  seem 
imperative. 

CRIBBING  SUCCESSFULLY  USED 

The  use  of  cribbing  at  the  foot  of  a  slide  mass  after  a 
steam  shovel  clean-up  is  increasing.  Cribbing  has 
usually  been  built  of  untreated  rough  oak  logs.  Lately 
squared  creosoted  logs  have  come  into  use,  and,  very 


recently  in  Ohio,  concrete  units  have  been  tried.  The 
initial  cost  of  the  two  latter  types  of  cribbing  is  high, 
but  the  results  obtained  are  likely  to  be  permanent. 

The  illustration  of  cribbing  on  this  page  shows  a  case 
where  the  timber  has  become  so  rotten  as  no  longer  to 
prevent  detrital  movement.  The  old  cribbing  is  being 
removed  and  reinforced  concrete  piling  placed  in  its 
stead.  It  is  not  safe  to  depend  on  cribbing  to  retain  an 
unstable  mass  which  extends  beneath  the  road.  In 
such  a  case  if  a  brute-force  method  seems  necessary, 
cribbing  must  be  supplemented  by  piling.  In  typical 
cases  observed,  oak  cribbing  cost  $10  and  concrete 
cribbing  $38  per  lineal  foot  of  road. 

BLASTING  SELDOM  PRODUCES  WORTH-WHILE  RESULTS 

Drilling  through  slide  masses  and  near  the  toe  of 
fills  which  are  moving,  or  in  wThich  incipient  movement 
has  started,  and  dynamiting  the  underlying  material 
is  a  time-honored  method  of  attempted  control.  It  is 
often  recommended  by  engineers  and  in  the  area  under 
discussion  has  been  resorted  to  by  some  highway  engi- 
neers. It  has  been  used  more  extensively  by  railroad 
engineers  in  connection  with  side-fill  slides.  Some  of 
them  have  adopted  the  practice  of  drilling  holes  35  to 
55  feet  in  depth,  extending  18  to  25  feet  into  so-called 
solid  material  along  the  toes  of  fills.  Holes  are  spaced 
20  feet  apart,  and  after  springing  sometimes  twice  with 
30  to  60  sticks  of  40  per  cent  dynamite  loads  varying 
from  300  to  500  pounds  of  40  per  cent  dynamite  are 
shot  in  them. 

There  does  not  appear  to  be  any  evidence  to  justify 
the  use  of  this  method  except  in  special  cases.  When 
used  it  is  stated  that  it  is  experimental  or  that  it  opens 
up  underground  drainage  and  allows  water  to  escape. 
Again,  it  is  claimed  that  it  roughens  the  ground  beneath 
the  fill  and  prevents  sliding.  This  theory  assumes  that 
a  fill  slides  as  a  unit  on  an  underlying  surface,  whereas, 
in  nearly  every  case,  there  is  movement  throughout  the 
mass  or,  at  least,  the  lower  part  of  it.  The  movement 
is  a  slump  rather  than  a  slide. 

If  drainage  channels  are  opened  by  blasting,  relief  is 
likely  to  be  only  temporary,  for  they  will  quickly  be 
choked  with  fill  material.  In  one  case  investigated 
holes  were  drilled  to  a  depth  of  17  to  20  feet  below  the 
level  of  an  immediately  adjacent  river  and  shot.  It 
was  stated  that  the  advantage  to  be  obtained  was  under- 
surface  drainage. 

In  several  instances  shale  base  lying  below  water 
level  has  been  heavily  blasted.  In  such  cases  it  is  not 
possible  to  avoid  the  belief  that  the  blasted  material 
will  rapidly  disintegrate  into  muck.  Such  practices  can 
only  result  in  very  temporary  control  and  must  ulti- 
mately lead  to  the  destruction  of  the  only  basis  for 
rational  control   methods. 

Under  special  conditions,  however,  there  may  be 
some  advantage  in  blasting  underlying  solid  sandstone 
or  limestone. 

ROCK  LOADS  OF  LITTLE  VALUE  IN  PREVENTING  SLIDE 

Several  cases  have  been  observed  where  large  bowl- 
ders were  placed  at  random  on  the  outside  of  side  fills. 
Usually  the  bowlders  so  placed  gradually  work  to  the 
toe  of  the  fill.  In  a  number  of  cases  masses  of  bowl- 
ders have  been  assembled  originally  at  the  toe  of  a  fill. 
The  accompanying  illustrations  show  two  cases  where 
a  rock  load  is  used  to  supplement  piling. 

Bowlders  distributed  over  a  fill,  apparently  with  the 
idea  of  holding  the  fill  down  by  load,  add  nothing  to  the 
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cohesive  strength  of  the  mass;  they  simply  add  further 
to  the  load,  which  is  already  too  great.  Bowlders 
massed  along  the  toe  of  a  fill  probably  do  exert  some  re- 
taining effect,  but  on  the  whole  their  use  is  of  little 
value. 

DRAINAGE  BELIEVED  TO  BE  SOLUTION  OF  PROBLEM 

The  most  important  conclusion  resulting  from  the 
study  of  slides  in  this  district  is  that,  generally  speaking, 
preventive  measures  should  be  substituted  for  retaining 
structures.  Usually  a  certain  load  is  unavoidable. 
The  nature  of  the  detrital  material  is  such  that  it  is 
unstable  when  wet,  the  tendency  toward  instability  de- 
pending on  the  fineness  of  the  material  and  the  clay 
content.  The  normal  load  and  nature  of  the  material 
can  not  generally  be  changed,  but  it  is  usually  possible 
to  eliminate  the  third  factor  causing  slides,  namely, 
water.  It  is  not  necessary  to  eliminate  all  moisture, 
but  the  content  must  be  kept  below  the  critical  point 
at  which  it  makes  the  mass  unstable. 

This  may  be  done,  according  to  the  nature  of  the 
problem,  by  surface  protection  from  penetration  by 
rainfall,  by  surface  drainage,  or  by  underground  drain- 
age which  reaches  the  source  of  seepage  or  flow.  Side 
fills  and  through  fills  can  be  protected  from  penetra- 
tion by  rainfall  where  necessary.  It  is  also  possible  to 
isolate  them  from  underground  water  in  most  cases. 
Masses  of  overhanging  detritus  can  generally  be 
sufficiently  drained  to  prevent  movement. 

Only  sporadic  attempts  at  drainage  control  have 
been  made.  A  case  at  Morgantown,  W.  Va.,  has 
been  described  where  drainage  of  underlying  shale 
solved  a  serious  problem.  Small-size,  open-joint  tile 
has  been  occasionally  used  in  soft  spots  in  a  road  and 
French  drains  have  been  placed  beneath  inside  ditches. 
Some  surface  drainage  has  been  undertaken  for  the 
purpose  of  removing  water  from  pockets  of  over- 
hanging, old-slide  detritus.  Such  work,  however,  has 
been  neither  systematic  nor  thorough.  Lack  of  em- 
phasis on  prevention  is  common  to  most  human  ex- 
perience and  we  spend  money  on  landslides  largely 
after  they  have  occurred. 

It  is  believed  that  this  district  needs  more  trenching 
machines,  and  fewer  steam  shovels  and  piles;  that 
drainage  will  be  found  to  be  cheaper  and  more  perma- 
nent than  any  control  method  now  employed ;  and  that 
it  must  be  undertaken  with  knowledge  of  local  geo- 
logical conditions.  Detrital  areas  which  are  traversed 
by  roads  must  be  studied  from  a  geological  standpoint. 
Water  seepage  must  be  traced  to  its  source,  and  water 
volume  determined  following  rainfalls  of  varying  in- 
tensity. Test  holes  or  other  means  of  interior  ex- 
ploration will  answer  this  purpose. 

If  detrital  material  has  been  undisturbed  for  a 
considerable  time,  fine  clay  may  have  been  washed 
downwards  and  accumulated  below  as  in  the  formation 
of  subsoils.  Therefore,  where  slide  material  has  been 
at  rest  for  some  time,  the  greater  part  of  the  under- 
ground water  will  be  found  comparatively  near  the 
surface,  that  is  within  3  to  5  feet  of  it.  In  one  case 
observed  after  a  heavy  rainfall,  where  a  cut  had  been 
made  in  a  thick  mass  of  detritus,  water  was  escaping 
in  almost  a  solid  sheet,  along  a  plane  about  5  feet 
below  the  top  of  the  cut. 

Before  fills  are  placed  it  is  vitally  important  to 
observe  whether  the  location  is  on  ground  which  is 
wet  not  only  during  but  for  some  time  after  rains. 


Masses  of  Rock  Placed  at  Toe   of  Sliding   Fill  to 
Supplement  Piling 

When  wet  spots  are  found,  the  source  of  the  moisture 
must  be  located.  Frequently  it  is  in  detritus  on  the 
hillside  and  after  a  fill  is  placed  water  enters  from  the 
side  or  end  contact.  The  use  of  wet  materials  in 
building  a  fill,  especially  at  or  near  its  base,  has  been 
demonstrated  to  be  a  dangerous  practice. 

A  number  of  illustrations  of  sidehill  failures  are  pre- 
sented because  they  constitute  the  most  serious  phase 
of  the  slide  problems  in  this  district.  Most  of  them  can 
be  prevented  by  drainage  on  the  inside  of  the  road,  or, 
better,  by  drainage  installed  before  the  road  is  graded. 

The  annual  damage  resulting  from  the  slides  and 
subsidence  is  so  enormous  that  systematic  preventive 
experiments  and  study  of  relative  costs  and  permanency 
of  results  is  obviously  justified. 

It  is  believed  that  the  solution  of  a  very  large  pro- 
portion of  the  cases  which  arise,  and  this  includes 
evidence  of  danger  as  well  as  slide  movement,  lies 
in  the  direction  of  drainage. 


THE  MODULUS  OF  ELASTICITY  OF  CORES  FROM 

CONCRETE  ROADS 

RESULTS  OF  DETERMINATIONS  MADE  ON  CORES  DRILLED  FROM  MARYLAND  HIGHWAYS 

By  A.  N.  JOHNSON,  Dean  of  Engineering  College,  University  of  Maryland 

THIS  is  the  second  report  dealing  with  the  general 
suhject  of  strength  characteristics  of  concrete 
based  on  investigations  carried  on  cooperatively 
by  the  Engineering  Experiment  Station  of  the  Uni- 
versity of  Maryland,  the  United  States  Bureau  of 
Public  Roads  and  the  Maryland  State  Roads  Com- 
mission. The  first  report l  described  the  method  of 
taking  cores  from  concrete  roads  of  various  ages  on 
the  Maryland  State  system  and  analyzed  the  results 
of  compression  tests  on  such  cores. 

The  general  plan  of  the  investigation  included  ex- 
tensive determinations  of  the  stress-strain  relation  for 
the  cores  in  order  to  study  their  elastic  behavior. 
One  or  two  specimens  were  selected  from  each  group 
of  cores  and  set  aside  for  such  tests.  The  best  possible 
end  condition  was  secured  by  placing  a  thin  plaster- 
of-Paris  coating  on  the  caps  which  had  been  placed 
upon  the  cores  for  crushing-strength  tests,  a  flat 
surface  being  secured  by  the  use  of  a  piece  of  plate 
glass  put  on  while  the  plaster  was  soft.  Elastic  meas- 
urements were  made  on  these  cores  in  the  testing  ma- 
chine with  the  load  applied  by  hand  at  a  much  slower 
rate  than  was  possible  when  the  crushing  strengths 
only  were  being  obtained  using  power  loading. 

ACCURACY     OF     DIFFERENT     TYPES     OF     EXTENSOMETERS 
INVESTIGATED 

The  type  of  extensometer  first  used  was  what  may 
be  called  a  5-point  extensometer  as  it  clamped  the 
specimens  at  five  points.2  After  considerable  experi- 
ence with  this  instrument  it  was  evident  that  it  was 

Fig.  2. — Concrete  Cylinder  in  Testing  Machine  with 
Mirror  Extensometer  Attached 

The  principle  of  the  action  of  the  mirror  extenso- 
meter is  shown  in  the  diagrammatic  sketch  of  Figure  1, 
while  Figure  2  is  a  photograph  of  the  set-up.  In 
Figure  1,  the  geometric  relations  are  clearly  shown. 
It  is  evident  that  what  may  be  called  the  base  line  of  the 
measurements  made  with  the  mirror  extensometer  is 
the  width  W  of  the  knife  edge  shown  in  the  sketch. 
If  this  is  accurately  measured,  there  is  no  difficulty 
in  securing  the  other  measurements  with  as  much 
accuracy  as  is  necessary.  The  knife  edges  actually 
used  were  made  as  closely  as  possible  to  0.2  inch. 
They  were  calibrated  by  measuring  with  a  microscope 
with  the  proper  micrometer  attachment.  One  of  the 
knife  edges  was  found  to  be  0.2015  inch  and  the  other 
0.2012  inch.  The  distance  D  from  the  mirror  to  its 
scale  (one  for  each  mirror)  was  adjusted  so  that  1  inch 
on  the  scale  corresponded  to  a  deformation  of  0.001 
inch.  The  scale  was  divided  into  tenths  of  an  inch, 
so  that  measurements  quite  accurate  to  one  hundred- 
thousandth  of  an  inch  over  a  4-inch  gauge  length, 
or  2Y2,  millionths  inch  per  inch,  were  possible. 

Since  the  support  for  the  scales  was  independent 
of  the  weighing  table  of  the  testing  machine  which 
supports  the  specimen,  it  is  evident  that  there  would 
be  indicated  on  the  scales  both  the  deformation  of  the 
specimen,   and  the  movement   of  the   specimen  with 
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Fig.  1. — Diagram  Illustrating  Mirror  Extensometer 

unsatisfactory,  the  stress-strain  curves  becoming  more 
and  more  irregular  with  increased  use  of  the  instru- 
ment. It  was  then  determined  to  make  a  comparison 
between  this  extensometer  and  a  simple  form  of  mirror 
extensometer.3 


1  Strength  Characteristics  of  Concrete  as  Indicated  by  Core  Tests,  Public  Roads 
vol.  9,  No.  7,  September,  1928. 

■'  A  description  of  this  extensometer  may  be  found  in  the  Proceedings  of  the  A.  S. 
T.  M.,  vol.  19,  pt.  2,  p.  510  (1919). 

3  A  description  of  this  extensometer  may  be  found  in  Martens'  Handbook  of  Test- 
ing Materials. 
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Fig.  3. — Comparisons  of  Load-Deformation  Curves  Obtained  with  Clamp   Extensometers   and  Mirror 

extensometers 


reference  to  the  scale.  It  was  possible  to  so  arrange 
the  apparatus  that  this  error  was  automatically 
eliminated.  The  mirrors  were  mounted  as  shown  in 
Figure  2  and  both  faced  in  the  same  direction  so  that 
as  the  specimen  shortens  under  compression,  the 
right-hand  mirror  throws  the  beam  of  light  upwards 
on  the  scale  (fig.  1),  whereas,  the  left-hand  mirror 
throws  the  beam  of  light  downwards  (the  scale  for  the 
left-hand  mirror  is  not  shown  in  the  diagram).  There- 
fore, a  given  movement  of  the  specimen  with  reference 
to  the  scale  will  have  the  effect  of  increasing  the  read- 
ing of  the  right-hand  mirror,  but  the  reading  of  the 
left-hand  mirror  will  be  decreased  by  the  same  amount. 
The  average  of  these  two  readings,  obtained  from  the 
mirrors  revolving  in  opposing  directions,  exactly 
cancels  any  effect  produced  by  any  vertical  movement 
of  the  specimen  with  reference  to  the  fixed  scales. 
With  this  method  one  mirror  is  not  sufficient,  and  two 
must  be  used,  giving  readings  in  opposite  directions. 
Also  at  least  two  mirrors  must  be  used  to  give  the 
average  strain  in  the  specimen. 

MIRROR  EXTENSOMETER  FOUND  SATISFACTORY 

The  results  with  the  mirror  extensometer  were  so 
divergent  from  those  obtained  with  the  5-point  extenso- 
meter that  further  comparisons  were  made  between 
other  types  of  clamp  extensometer  and  the  mirror 
type.  There  was  a  marked  difference  in  the  char- 
acteristics of  the  curves  obtained  with  the  two  types 
of  instruments  as  is  shown  graphically  in  Figure  3. 
The  data  shown  upon  this  figure  were  obtained  by 
simulataneous  observations  with  a  clamp  type  of 
extensometer  and  a  mirror  type,  the  circular  dots 
showing  the  results  with  the  mirror  type,  while  the 
crosses  are  the  results  with  the  clamp  type. 

It  is  to  be  noted  that  the  clamp  type  of  extenso- 
meter invariably  gives  a  curve  with  increased  slope 
near  the  origin,  and  which  flattens  out  toward  the 
latter  part  of  the  curve.  The  explanation  is  that 
extensometers  which  are  clamped  to  the  specimen 
almost  invariably  have  a  certain  amount  of  lost 
motion  between  the  point  of  contact  and  the  end  oi 
the  dial  needle,  and  until  the  deformation  of  the  speci- 
men is  sufficiently  great  to  take  up  such  lost  motion 


the  curve  obtained  is  not  a  correct  indication  of  the 
deformation  of  the  specimen,  and  the  stress-strain 
curve  that  results  is  not  an  accurate  interpretation  of 
the  behavior  of  the  specimen  under  the  applied  loads.4 
This  is  particularly  true  for  the  lower  pressures  where 
the  dial  readings  of  the  clamp  extensometer  give  little 
indication,  as  may  be  seen  in  Figure  3,  particularly  in 
curves  B,  C,  and  E.  This  effect  obviously  is  not 
dependent  upon  the  character  of  the  concrete,  but  is 
merely  a  mechanical  defect  in  the  measuring  apparatus. 
Measurements  that  had  been  obtained  with  the 
clamp-type  extensometer  were  therefore  abandoned 
and  only  those  obtained  with  the  mirror  type  are  here 
reported. 

One  marked  characteristic  that  the  mirror-extenso- 
meter  readings  give  to  the  stress-strain  curve  for 
concrete  in  compression  is  the  persistency  of  a  straight 
line  relationship  in  the  earlier  part  of  the  curve  for  the 
lower  pressures  and  the  gradual  departure  from  a 
straight  line  forming  a  very  gradual  curve  for  the 
higher  pressures.  The  extent  of  the  straight  line 
relationship  or  proportionality  may  be  approximately 
determined  and  is  taken  to  be  the  elastic  limit  of  the 
concrete. 

With  the  use  of  the  mirror  extensometer  erratic 
results,  which  are  characteristic  of  the  clamp  type, 
were  not  obtained.  In  fact,  so  uniform  were  the 
curves  as  plotted  from  the  readings  of  the  mirror 
extensometer  that  if  a  point  did  not  fall  closely  on  the 
general  trend  of  the  curve  there  would  usually  be  found 
some  arithmetical  error  in  reducing  the  observations 
and  the  correct  value  would  place  the  point  on  the 
curve. 

TEST  RESULTS  INDICATE  BEHAVIOR  AS  AN  ELASTIC  MATERIAL 

This  report  discusses  the  results  of  elastic  measure- 
ments on  112  cores.  The  average  crushing  strength 
was  3,960  pounds  per  square  inch,  and  the  average 
value  for  the  modulus  of  elasticity  was  3,562,000 
pounds  per  square  inch.  The  lowest  value  of  the 
modulus  recorded  was  1,200,000  pounds  per  square 
inch,  and  the  highest  5,840,000.  The  individual 
values  are  given  in  Table  1. 


This  was  discussed  in  the  Proceedings  of  the  A.  S.  T.  M.,  1924,  pt.  2,  p.  1026. 
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Table  1. — Crushing  strength  and    modulus  of  elasticity  of  concrete  road  cores 


Core 

No. 

Age 

Coarse  aggregate 

Crushing 
strength 

Modulus 
of  elastic- 
ity 

Pounds 
per  >q. 
inch 
2, 200, 000 
3, 180, 000 
3, 540, 000 

1,  200, 000 

3,  200,  000 
2, 100,  000 

4,  200,  000 

2,  500, 000 

2,  700, 000 

3,  500,  000 
3,  200, 000 
3,  240,  0  10 

2,  600,  000 

3,  280,  000 
2,  400,  000 

4,  640,  000 
5, 300,  000 
2,  720,  000 

2,  480,  000 

3,  680,  000 
3, 960,  000 

2,  920,  000 

3,  820,  000 

5,  200,  000 
5,  200,  000 
3, 680,  000 

3,  720,  000 
2,  480, 000 
2,  040,  000 
2,  300,  000 
4, 140,  000 
4, 460,  000 

4,  260,  000 
4, 900,  000 
2,  740, 000 
2,  720,  000 

2,  900,  000 
4,  600,  000 

3,  360,  000 

3,  500,  000 

4,  284,  000 
4,  340, 000 
3, 080, 000 
2, 860,  000 

3,  980,  000 

4,  720,  000 

2.  560,  000 

3,  hso,  000 
3,  560. 000 

2,  840,  000 

3,  280,  000 

4,  320,  000 

4,  360,  000 
3,  200,  000 
2, 120,  000 
3,  560,  000 

5,  500,  000 

Core 
No. 

Age 

Coarse  aggregate 

Crushing 
strength 

Modulus 
of  elastic- 
ity 

239 

Vims 
6 
6 
5 
4 
7 
7 
7 

7 
7 
7 
7 
7 

i 

1 

I 

1 

2 

2 
3 

1 
1 

14 

4 
6 

8 

s 
1 

1 

6 
9 
6 

8 

1 
4 
1 
3 
4 
1 
1 

6 
5 
8 
2 
3 

H 

5 
1 

Pounds 
per  sq. 
inch 
3,000 
4,400 
4,900 
2,330 
3,200 
3,800 
3,800 
3,800 
4,800 
3,600 
3,800 
2,900 
3,000 
3,  000 
3,000 
4,900 
4,000 
3.  200 
2,300 
4,700 
4,300 
3,000 
5,000 
6,100 
5,100 
4,400 
5,300 
3,400 
2,  700 
2,800 
4,000 
4.800 
4,000 
4,700 
2,500 
4,400 
5,800 
5,900 
4,300 
5,300 
6, 100 
3,700 
4,800 
4,100 
4,150 
5,400 
4,500 
5,300 
4,900 
4,300 
4,900 
3,900 
5,000 
4,200 
3,950 
5,100 
4,900 

1624 
1637 
1678 

,  1680 
1681 

'  1682 
1683 
L684 
1685 
1686 
1689 
1690 
1691 
1692 
1693 
1694 
1695 
1696 
1697 
1698 
1699 
1700 
1701 
1702 
1703 
1705 
1706 
1707 
1708 
1709 
1722 
1723 
1724 
1730 
1764 
1790 
1823 
1847 
1870 
1893 
1915 
1921 
1930 
1933 
1948 
1966 
1995 
2015 
2041 
2064 
2085 
2112 
2135 
2160 
2185 

Years 
6 
6 
10 

10 
10 
10 

10 
10 
10 

2 

1 

1 

1 

1 

1 

1 
10 
10 
10 

1 

1 

1 

1 
1 

ts 

I 
1 
1 
1 
1 
1 

1 
1 

2 

1 

2 

2 

1 

7 
11 
10 
10 

7 

1 

2 

1 

2 

1 

1 

H 

2 

1 
1 

Trap  and  gravel 

Pounds 
per  sq. 
inch 
5,100 
3,100 
2,160 
5,210 
2,360 
2,630 
1,700 
4,320 
5,110 
3, 010 
3,000 
2,860 
3,000 
3,850 
3,500 
2,300 
3,110 
3,280 
3,650 
2,700 
3,870 
2.360 
5,  050 
3,175 
2,180 
3,  600 
2,960 
3,280 
4,290 
4,750 
2,200 
4,100 
5,000 
5,000 
4,610 
4,320 
4,330 
4,070 
3,160 
3,900 
3,650 
3,150 
4,430 
4,020 
4,350 
3,500 
3,450 
3,580 
5,450 
4,970 
6,000 
3,680 
5,045 
3,180 
3,390 

Pounds 

per  sq. 
inch 
5, 840, 000 

240 

do    .                                      

Slag 

1, 900,  000 

523 

Quartz  gravel 

4, 040, 000 

541 

do 

4, 860, 000 

689 

do _ 

4,  380,  000 

690 

do 

do 

4,480,000 

691 

do 

...do 

3, 380, 000 

693 

do 

.  do  ..                       

4,  020,  000 

694 

do _ 

do _ 

.  do. 

do 

4,  240,  000 

696 
698 

do. 

...do 

3, 150,  000 
3,680.0110 

699 

.  do    . 

..  do    .                   

3, 400,  000 

700 

.    do    . 

.    do 

3, 100.  000 

701 

Limestone 

...do  

2,  680,  000 

703 

do... 

...do... 

...do  _. 

3,  860,  000 

704 

..  do  .. 

4, 140,  000 

706 

do 

do _ 

4,  070,  000 

712 

do _ 

do 

3,  440,  000 

716 

do _ 

...do...                            

3,  700,  000 

1076 

do 

Trap 

4,  240,  000 

1087 

do 

do 

do_ 

do 

3, 970,  000 

1097 

do 

4, 100,  000 

1108 

4,  240,  000 

1120 

do 

do      

3,120,0011 

1145 

1155 

do. _ 

Quartz  gravel 

do 

do 

2, 480,  000 
4,560,000 

1167 

do. 

do    . 

3,  610,  000 

1180 

do 

.In                                                                                     

3,960,0110 

1192 

do 

do 

3,700,000 

1208 

do 

...do 

3, 800,  000 

1222 

Limestone 

5, 100,  000 

1246 

do _ 

do 

do 

do 

5,640,0011 

1259 

do 

5,420,0011 

1271 

3,  300,  000 

1286 

do 

4,360,000 

1298 

1,840,000 

1319 

do 

3,  220,  000 

1330 

Limestone 

3,  380,  000 

1343 

do _ 

do 

1,  740,  000 

1369 

Granite 

2,600,000 

1382 

Limestone 

2,650.0110 

1409 

Trap 

2,  360,  000 

1432 

Limestone 

3, 120,  OO0 

1444 

Limestone  and  gravel 

.    do 

2,560,000 

1455 

Limestone 

Trap 

3,250,000 

1467 

Quartz  gravel 

3,720,000 

1473 

Trap 

2,  200,  000 
4,  000,  000 

1489 

Quartz  gravel 

1501 

do 

5,  500,  000 

1515 

do 

3,  980,  000 

1524 

Trap 

do 

5  700  000 

1530 

do __ 

3, 180  000 

1564 

do.. 

do 

3,600.000 
2,  400.  000 

1576 

Quartz  gravel... 

do 

1591 

do.. 

do 

2, 840,  000 

1601 

Trap 

1613 

Quarlz  gravel 

3,960 

3,  562,  000 

1  Possibly  crushed  gravel. 
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Fig.  5. — Modulus  of  Elasticity  and  Compressive 
Strength  of  Each  Cylinder  Arranged  for  Purpose 
of  Comparison 
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Fig.   6. — Average    Values   of   Modulus   of   Elasticity 
of  Concrete  of  Various  Ages 
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deformation  per  inch  -  hundred  thousandths  of  an  inch 
Fig.  7. — Elastic  Curve  for  Trap  Rock 

The  stress-strain  curves  for  a  number  of  the  cores 
varying  from  one  of  the  highest  moduli  to  that  of  the 
lowest  are  shown  in  Figure  4.  With  one  exception 
these  curves  show  the  same  general  characteristic, 
that  is,  the  first  portion  of  all  of  the  curves  is  substan- 
tially a  straight  line,  and  then  departing  gradually 
from  the  straight  line. 

Special  attention  is  directed  to  the  curve  shown  for 
specimen  1870,  where  the  elastic  curve  is  convex  with 
reference  to  the  horizontal  axis,  all  the  others  being- 
concave.  The  aggregate  in  this  core  was  quartz  gravel, 
but  this  was  the  case  also  for  specimens  1709,  1167,  and 
1790.  This  same  characteristic  of  the  stress-strain 
curve,  convex  towards  the  horizontal  axis,  was  found 
for  some  sandstones  and  is  particularly  noticeable  for 
concrete  specimens  when  subjected  to  repeated  loads. 
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Fig.  8. — Elastic  Curve  for  Granite  Rock 
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Fig.  9. — Elastic  Curve  for  Sandstone 
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Fig.   10. — Elastic  Curve  for  Limestone 

A  study  of  the  curves  shown  in  Figure  4  shows  that 
the  elastic  limit  fell  as  low  as  400  pounds  per  square 
inch  for  specimen  541,  and  reached  about  2,200  pounds 
per  square  inch  for  specimen  2015.  A  fair  average 
seems  to  be  in  the  neighborhood  of  700  to  800  pounds 
per  square  mch.  The  results  of  these  tests  seem  to 
indicate  clearly  that  for  this  condition  of  loading  the 
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concrete  in  these  specimens  behaved  as  an  elastic 
material. 

A  graphical  presentation  of  the  results  of  measure- 
ments of  modulus  of  elasticity  is  shown  in  Figure  5, 
where  the  values  of  the  modulus  for  each  specimen  are 
arranged  in  order  from  the  highest  to  the  lowest  value, 
as  shown  by  the  circles.  The  value  of  the  crushing 
strength  for  each  specimen  is  shown  by  a  cross.  No 
marked  relationship  is  found  in  these  data  between  the 
crushing  strength  of  the  cores  and  the  modulus  of 
elasticity.  For  the  15  or  20  highest  values  for  the 
modulus  of  elasticity,  the  corresponding  values  for 
crushing  strengths  are  somewhat  greater  than  the 
crushing  strengths  for  the  group  of  10  specimens  having 
the  lowest  modulus  of  elasticity.  It  is  seen  that  the 
moduli  fall  for  the  most  part  between  values  of  2,400,000 
and  4,400,000. 

Figure  6  is  a  diagram  showing  values  for  the  modulus 
of  elasticity  plotted  according  to  the  age  of  the  speci- 
mens. It  should  be  kept  in  mind  that  there  was  but 
one  11-year  specimen  but  for  the  other  years  there  were 
greater  numbers.  There  is  a  slight  trend  towards  a  de- 
crease in  the  modulus  of  elasticity  with  increase  in  age. 
However,  it  is  felt  that  these  data  are  not  sufficient  to 
justify  any  conclusion  other  than  that  the  age  of  the 
concrete  from  one-half  year  on  seems  to  have  little 
effect  on  the  value  of  the  modulus  of  elasticity. 

ELASTIC  PROPERTIES  OF  ROCK  INVESTIGATED 

Results  secured  on  concrete  cylinders  indicated  the 
desirability  of  investigating  the  elastic  properties  of 
different  kinds  of  rock.  For  this  purpose  the  Bureau 
of  Public  Roads  supplied  three  cylindrical  specimens 
for  each  of  four  varieties  of  rock — limestone,  trap, 
granite,  and  sandstone.  These  specimens  were  2  inches 
in  diameter  and  4  inches  long.  The  ends  of  the  speci- 
mens were  carefully  ground  to  a  flat  surface.  The 
gauge  length  over  which  the  deformations  were  meas- 
ured was  3  inches.  The  mirror  type  of  extensometer 
was  used. 

As  data  on  the  elastic  behavior  of  rocks  are  rare,  the 
deformations  for  the  various  loadings  of  the  different 
rock  specimens  in  this  series  are  given  in  Tables  2  and 
3,  while  Figures  7  to  10  show  the  typical  graphs  of 
these  data,  the  specimens  selected  for  the  typical  graphs 
being  the  ones  nearest  to  the  average  for  the  three 
specimens. 

The  marked  difference  between  the  stress-strain 
curves  for  sandstone  and  the  other  rocks  is  seen  at 
once  by  reference  to  the  corresponding  graphs.     All  of 

Table  2. — Results  of  tests  of  rock  cores  2  inches  in  diameter  and 
4  inches  long 


Sam- 
ple 

No. 

Character  of  rock 

Crushing 
strength 

Modulus  of 
elasticity 

Elastic 
limit 

1 

Granite 

Lbs. 

per  sq.  in. 

29,  900 

32,  900 

30,500 

35,  800 

34,  200 

34,  900 

6,  620 

6,990 

6,620 

46,  000 

39,000 

32,200 

Lbs.  per  sq.  in. 
8,  500, 000 
8, 660, 000 
8, 930, 000 
11,400.000 

13,  300,  000 

14,  200.  000 

3,  400.  000 

4,  000.  000 
4,  200,  000 

2  7,  400,  000 
'  7,  400,  000 
2  6,  200,  000 

Lbs. 
per  sq.  in. 

(') 

2 

do 

3 

do 

11  000 

4 

Trap 

5 

do 

12,000 
14, 000 
4  500 

6 

do... 

7 

Limestone...  ..        

8 

do  

4  500 

9 

do 

4  500 

10 

Sandstone.. 

11 

do 

12 

do 

the  stress-strain  curves  other  than  that  for  sandstone 
are  concave  towards  the  horizontal  axis,  while  that  for 
sandstone  is  markedly  convex  with  reference  to  the 
horizontal  axis.  This  is  the  only  stress-strain  curve 
where  the  initial  portion  of  the  curve  is  not  substan- 
tially a  straight  line,  and  it  is  also  the  only  one  where 
the  initial  portion  of  the  curve  is  that  of  the  least  slope. 
The  stress-strain  curve  for  the  sandstone  becomes 
steeper  as  pressures  increase.  The  slopes  at  loads  of 
10,000  pounds  per  square  inch  or  approximately  one- 
fourth  of  the  ultimate  strength  of  these  specimens 
were  obtained  from  the  graphs  and  these  values  re- 
ported in  the  table  as  moduli  of  elasticity. 

Table  3. — Compressive  deformations  for  rock  cores 


Granite 

Load,  pounds  per 
square  inch 

Trap 

Load,  pounds  per 
square  inch 

Deformation  in  hun- 
dred-thousandths 
inch  per  inch 

Deformation  in  hun- 
dred -  thousandths 
inch  per  inch 

No.  1 

No.  2 

No.  3 

No.  4 

No.  5 

No.  6 

0 

0 

0.7 
1.2 
2.3 
3.7 
4.2 
7.0 
9.5 
11.8 
14.3 

0 

0.5 
1.5 
2.2 
3.3 
4.3 
6.5 
8.8 
12.0 
13.8 

0 

21 
33 

45 

57 
70 
91 
111 
132 
152 
172 
192 
214 
234 
275 
297 

0 

0 

0 

6.3 
8 
13.2 

0 

73 

735 

4 

146 

1,100. 

8 

4 

219... 

1,840 

9 

292     . 

2,200 

16 

27 

365 

3,300... 

547... 

3,680 

26 

20 

730 

4,410... 

5,520 

36 
47 
64 
81 
99 
116 
133 
151 
166 
184 
201 
218 

912      . 

39.7 
53.8 
68.5 
83.3 
99 

117 

131 

148 

165 

182 

200 

218 

238 

258 

33 

1,100 

7,350 

47 

1,460.. 

19.5  !     18.2 
28.  7       27.  0 
37.  3       35.  7 

9,175 

60 

2,200 

11,000... 

75 

.'.Willi 

12,900 

90 

3,300.. 

14,700... 

104 

3,650.. 

47.*       44.0 

16,600.    . 

120 

1.10(1 

18,400..    

135 

5,500 

67. 8       65.  3 
89.  2       86.  5 

20,200... 

151 

7,3.'.". 

22,000... 

167 

9,150 

111 
132 
152 
172 
193 
213 
234 

108 
128 
149 
170 
191 

24,000 

184 

11,000 

25,800.. . 

201 

12,800 

27,600... 

219 

14,650 

29,400 

238 

16,500 

Breaking     load- 
pounds  per 
square  inch 

18,300 

20.200 

23,900 

25,800 

Breaking    load- 
pounds  per 
square  inch 

29,  900 

32,  900 

30,  500 

35,  800 

34,  200 

34,900 

'  Straight  line  relationship  throughout  extent  of  observations. 
2  Value  at  10,000  pounds  per  square  inch  (see  text). 


Limestone 

Load,  pounds  per 
square  inch 

Sandstone 

Load,  pounds  per 
square  inch 

Deformation  in  hun- 
dred-thousandths 
inch  per  inch 

Deformation  in  hun- 
dred -  thousandths 
inch  per  inch 

1 
No.  7  l  No.  8 

No.  9 

No. 
10 

No. 
11 

No. 
12 

0... 

0            0 

0 

17 

0. 

0 
56 
86 

0 
51 
105 

0 

735... 

20 

735-. 

47 

1,100 

36 

1,470 

87 

1,470 

38 

56 
73 

36 

50 
67 

2,210.-    _-- 

117 
142 
165 
184 
202 
218 
234 

2,200  . 

68 

2,940 

128 

150 

.'.inn 

3,670.    . 

3,300 

99 

4,420 

159 

183 

3,670 

92 

86 

105 
123 

5,150. 

4,400 

130 

111 
132 

5,880. 

185 

211 

5,150 

6,620. 

5,500 

166 

7,350... 

207 

236 

249 

5,880.. 

154 
181 

148 

191 

8,100 

263 

6,620 

8,840. 

229 

259 

279 

7,350 

9,560 

289 

10,300 

249 

280 

300 

11,000 

313 

11,750 

268 

300 

324 

12,500 

336 

13,240 

287 

320 

347 

14,000. 

358 

14,700.. 

16,200 __ 

305 
322 

338 

357 

Breaking     load- 
pounds     per 
square  inch 

Breaking    load- 
pounds     per 
square  inch 

6,620 

6,990 

6,620 

46,  000 

39,000 

32,  200 
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FOUNDATION  PILE-HEAD  BOND  AND  ANCHORAGE 

TESTS 

BY  THE  DIVISION  OF  TESTS,  U.  S.  BUREAU  OF  PUBLIC  ROADS 
Reported  by  GEORGE  W.  DAVIS,  Assistant  Engineer  of  Tests 


THE  bond  strength  developed  between  the  heads 
of  timber  piles  and  the  concrete  in  which  they 
are  encased  is  of  importance  in  bridge  construc- 
tion in  connection  with  the  design  of  concrete  founda- 
tion seals  for  cofferdams.  These  seals,  if  they  are  to 
resist  the  hydrostatic  pressure 
by  their  weight  alone,  must 
have  a  depth  of  about  four- 
tenths  of  the  hydrostatic 
head.  If  it  can  be  assumed 
with  certainty  that  a  bond 
strength  of  appreciable  mag- 
nitude will  be  developed  be- 
tween the  pile  heads  of  the 
foundation  and  the  concrete 
seal  in  which  they  are  encased, 
the  depth  of  seal  required  will 
not  be  as  great  as  would  other- 
wise be  the  case,  thus  reducing 
the  amount  of  concrete  which 
must  be  cast  under  water. 
There  are,  of  course,  numer- 
ous applications  to  engineer- 
ing design  of  this  bonding 
property  of  concrete  to  timber 
pile  heads  other  than  that  just 
described. 

The  series  of  tests  by  the 
Milwaukee  Sewerage  Com- 
mission '  has  shown  that  bond 

strengths  of  some  magnitude  may  be  expected  but  this 
investigation  was  of  limited  scope  and  practically  no 
information,  aside  from  that  which  it  developed,  ap- 
pears to  exist. 

Many  bridges  in  the  United  States,  particularly  those 
in  the  region  of  the  Gulf  coast,  must  be  designed  to 
withstand  the  action  of  hurricanes  and  it  is  sometimes 
necessary  to  reinforce  the  piers  of  such  structures  to 
resist  the  overturning  forces  developed  by  high  winds. 
In  such  cases  the  effective  anchorage  of  steel  reinforce- 
ment to  timber  foundation  piles  is  of  importance  in  the 
design  of  substructures. 

The  limited  investigation  reported  in  this  paper  was 
conducted  to  add  to  the  meager  information  available 
regarding  the  bond  strength  of  timber  piles  in  concrete 
and  to  investigate  the  effectiveness  of  various  types  of 
anchorage  of  reinforcement  to  timber  piles. 

SCOPE  OF  TESTS  OUTLINED 

The  specimens  used  for  determining  the  bond  strength 
developed  between  the  timber  piles  and  concrete  con- 
sisted of  short  sections  of  piles  embedded  in  concrete 
blocks.  The  pile  sections  were  of  southern  pine,  37 
inches  in  length  and  varying  from  7%  to  11  inches  in 
diameter.     The  timber  was  of  rather  inferior  grade,  as 


An  Unturned  Pile  Section 


is  indicated  by  the  fact  that  representative  pieces 
showed  an  average  of  about  eight  annual  rings  per  inch 
in  the  outer  3  inches  of  the  stick. 

The  pile  sections  were  thoroughly  soaked  by  im- 
mersion in  water  for  several  days  and  then,  while  wet, 
were  encased  for  20  inches  of  their  length  in  concrete 
blocks  24  inches  in  depth.  These  blocks  were  octag- 
onal in  form  with  a  minimum  diameter  of  24  inches 
and  were  reinforced  with  a  spiral  of  3^-inch  round 
steel  bar.  Details  of  the  bond-test  specimens  are  shown 
in  Figures  1  to  3  and  in  the  accompanying  illustrations. 
The  concrete  was  machine  mixed  and  was  of  a  plastic 
but  not  sloppy  consistency.  The  proportions  used 
were  1:2:4  by  volume  and  the  aggregates  were  sound 
and  well  graded  local  materials.  All  but  four  of  the 
pile  sections  were  lathe  turned  to  a  constant  diameter 
for  their  entire  length  so  that  the  bond  strength  meas- 
ured might  be  that  developed  under  the  most  adverse 
surface  condition  of  the  pile  itself.     The  four  unturned 


'  Ltjndahl,  R.  R.,  bond  strength  of  wood  piles  in  concrete. 
of  the  Amer.  Soc.  of  Civil  Engineers,  1923,  Vol.  LXXXVI,  p.  268. 

19232—28 


Transactions 


Pile  Section  Encased  in  Concrete    Before   the 
Removal  of  the  Forms 

pile  sections,  all  of  which  had  a  very  small  taper,  were 
peeled  and  roughly  trimmed  but  otherwise  were  treated 
as  were  the  other  plain  specimens  in  order  that  a 
comparison  might  be  had  of  the  relative  bond  devel- 
oped by  the  turned  and  unturned  sections. 

169 


170 


PUBLIC    ROADS 


Vol.  9,  No.  9 


SERIES   1,7  AND    8 


SERIES    2 


SERIES     1.  — PLAIN     BOND.     CONCRETE 

PLACED  IN  AIR 
SERIES  7. — SAME   AS  SERIES  1.  EXCEPT 

END     BOND     PREVENTED     BY     THIN 

METAL  PLATE 
SERIES  8. — SAME  AS  SERIES  I.   EXCEPT 

CONCRETE    PLACED    UNDER    WATER 


SERIES  2. — PILE  HEAD  EXPANDED 
WITH  OAK  WEDGES.  STEEL  COL- 
LAR PLACED  IN  PILE  AT  A.  WHILE 
WEDGES  WERE  DRIVEN.  THEN 
MOVED  TO  B  WHILE  CONCRETE 
WAS  PLACED.  AND  REMOVED  EN- 
TIRELY  BEFORE   TESTING 


Fig.  1. — Details  of  Specimens  of  Series  1,  7,  8,  and  2 


SERIES  3,A 


SERIES   3,B 


Anchorage  Specimens  Showing  Pile  Ends  Flush  with 
Surface  of  Concrete  (Top  Picture)  and  Specimens 
Ready  for  Curing  Under  Water 

The  arrangement  for  the  anchorage  tests  consisted 
of  pile  sections  27  inches  long  embedded  for  their  full 
length  in  concrete  cylinders  30  inches  in  depth.  The 
quality  of  the  concrete  was  the  same  as  that  used  in 
the  bond  tests  and  the  cylinders  were  reinforced  with 
^2-inch  round  spiral  reinforcement.  The  details  of  the 
specimens  for  the  anchorage  tests  are  shown  in  Fig- 
ure 4. 

All  of  the  concrete  encasement  for  both  bond  and 
anchorage  tests,  with  the  exception  of  that  for  series  8, 
was  cast  in  the  air,  protected  with  wet  burlap,  and 
allowed  to  harden  for  24  hours.  The  specimens  were 
then  immersed  in  water  and  allowed  to  cure  for  7  or 
for  21  days  before  testing,  and  in  all  cases  were  tested 
directly  after  being  taken  out  of  the  immersion  tank. 

The  concrete  encasement  for  the  bond  specimens  of 
Series  8  was  cast  under  water,  using  a  small  tremie, 
and  the  specimens  remained  under  water  for  21  days, 
at  which  age  they  were  tested. 

Neither  the  concrete  in  the  specimens  cast  in  air  nor 
that  in  the  specimens  cast  in  water  is  believed  to  have 
been  truly  representative  of  concrete  as  it  would  ordi- 
narily be  placed  in  foundation  seals  cast  under  water. 


-9"±- 

_"z.t_-_rz_ 

, 

o 

o 

0 

r- 

0 

o 

. 

m 

.b  X^o- 

-i 

I       1 

.«■.«. 

4v* 

:;■•?£. 

m 

— >  <=- 

<i-». 

v-\* 

•  ■ 

°     1 

A.'^ 

OJ      <M 

'     M           f 

• 

■<!•    ^ 

<3-:<:.\  ■<■.*.■'■. 

*:*■£. 

*>■■£>      .-    i/ 

' 

a-d" 

SPIRAL 
REINFORCEMENT 


R.R.  SPIKES 


x±y 


SERIES  3.    A.— TWO    RAIL  SPIKES   5 
6    INCHES.    DRIVEN    AS   SHOWN 


SERIES  3.   B. —  FOUR   RAIL  SPIKES  Vs  BY 
6  INCHES.  DRIVEN  AS  SHOWN 


Fig.   2. — Details   of   Test  Specimens   for   Bond   Tests   of 
Series  3, A  and  3,B 

The  concrete  cast  in  the  air  may  be  considered  as  repre- 
sentative of  concrete  of  the  same  proportions  in  con- 
struction which  is  placed  "in  the  dry  "  but  was  probably 
better  compacted  and  therefore  of  a  greater  density  and 
strength  than  concrete  as  normally  placed  under  water. 
On  the  other  hand,  the  specimens  cast  under  water 
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SERIES  3,C 


SPIRAL 
REINFORCEMENT 

5* 


R.R.  SPIKES 


SERIES   3.    C— SIX    RAIL    SPIKES    %    BY 
6  INCHES.   DRIVEN  AS  SHOWN 


Fig.  3. — Details  of  Specimens  for  Bond  Tests  of  Series 
3,C  and  3,D 


SERIES    3.    D—  EIGHT    RAIL    SPIKES 
BY  6   INCHES.    DRIVEN   AS  SHOWN 


SERIES  4, A 
4,8  AND   5 


SERIES  6 


Bond-Test  Specimen  Showing  Ey 
Attached  and  Apparatus  Set 


ebars  and 
Up  Ready 


Side  Clamps 
for  Test 


bar  driven 
in  i|"hole 


--PULLING    ROD 


,-    FOX    BOLT. 
2  li         3ll 

WEDGE    I  X  4(|      / 

SPIRAL   REINFORCEMENT 


.—•EQUALIZER 

I  2-1"+  PLAIN 

BARS 


SERIES4.  A.— HACKED  BAR  USED 
SERIES  4.  B—  SMOOTH  BAR  USED 
SERIES  6—  FOX   BOLT  USED 


SERIES  6. —  PILE  HEAD  EXPANDED 
WITH  OAK  WEDGES.  REINFORCING 
BARS  HOOKED  UNDER  STEEL  COL- 
LAR 


Fig.   4. — Details   of   Specimens   for   Anchorage   Tests   of 
Series  4,  5,  and  6 

are  believed  to  have  been  inferior  to  the  concrete  which 
normally  would  be  encountered  in  foundation  seals 
since  it  was  not  as  rich  in  cement  as  the  mixtures  ordi- 
narily, employed  for  this  purpose,  and,  since  the  speci- 
mens were  of  shallow  depth  and  were  cast  in  water 
which  barely  covered  them,  they  were  not  subjected 
to  the  pressure  of  superimposed  water  and  concrete 
which,  in  actual  construction,  would  tend  to  compact 
the  concrete  around  the  foundation  pile  heads. 


Bond  Specimen  After  Test.  Pile  Pulled 
2  Inches  from  its  Original  Position  in 
the  Concrete  Casing 
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A. — PILE   SECTION 

B. — CONCRETE  BLOCK 

C. — STEEL   CYLINDER 

D. — STEEL  RING  RESTING  ON  RUBBER 

PAD 
E. — EYEBARS 
F. — SIDE    CLAMPS 
G.— PIN 
H.— COVER    PLATE 


—  HYDRAULIC    JACK    (6-INCH     RAM) 
—SIDE   PLATES  OF  PULLING   YOKE 
— CALIBRATED    BEAM 

— Rl DER    BAR 

—  KNIFE-EDGE 
— AMES    DIAL 

—  PUMP    FOR    JACK 

— STEEL       PINS       FOR       MEASURING 
SLIP 


Fig.  5. — Details  of  Bond-Testing  Apparatus 
special  apparatus  devised  for  bond  tests 

In  order  to  pull  the  piles  from  the  surrounding 
concrete  casings  it  was  necessary  to  devise  and  build 
the  special  apparatus  shown  in  Figure  5.  This  device 
consists  of  a  hydraulic  jack  attached  to  the  protruding 
end  of  the  pile  by  suitable  mechanical  linkage  and 
reacting  against  the  concrete  casing  around  the  pile. 
When  pr  ssure  is  exerted  by  the  jack  the  fibers  of  the 
pile  are  subjected  to  tension  as  would  be  the  case  in  an 
actual  structure. 

Referring  to  Figure  5,  the  pile,  A,  is  shown  encased 
in  the  concrete  block,  B.  The  two  eyebars,  E,  are 
bolted  to  opposite  sides  of  the  squared,  protruding 
end  of  the  pile,  which  is  restrained  from  splitting  by  a 
pair  of  side  plates,  F,  bolted  to  the  other  two  sides  of  the 
pile.  Through  the  eyebars  is  a  large  steel  pin,  G, 
and  over  the  outer  ends  of  this  pin  are  two  side  plates,  J, 
which  complete  the  link  between  the  pile  and  the  cali- 
brated crossbeam,  K.  This  beam  is  supported  at  its 
center  by  the  head  of  the  hydraulic  jack,  I,  which  is  in 
turn  supported  by  a  steel  cylinder,  C,  surrounding  but 
not  in  contact  with  the  pile,  and  bearing  against  the 
concrete  block,  through  an  annular  steel  plate  and 
rubber  pad,  D. 

Pressure  was  supplied  to  the  jack  by  an  oil  pump,  O, 
operated    by    hand.     The    magnitude    of    the    tensile 


A  Specimen  of  Series  6  Ready  for  Test.     Note  the 
Equalizer  Between  the  Two  Reinforcing  Bars 

load  being  applied  to  the  pile  was  determined  by  the 
deflection  of  the  calibrated  cross  beam,  K,  which  was 
provided  with  knife-edges  at  the  load-reaction  points. 
The  deflection  was  measured  with  a  micrometer  dial, 
N,  mounted  on  the  beam  at  the  mid-point.  The 
movable  stem  of  this  dial  rested  against  a  free  beam,  L, 
mounted  along  the  axis  of  the  calibrated  beam  but  not 
in  contact  with  it  and  supported  by  the  plates,  J. 
The  stiffness  of  the  calibrated  beam  was  such  that  a 
reading  of  one  division  on  the  micrometer  dial  indicated 
an  applied  load  of  317  pounds. 

Slip  of  the  pile  in  the  concrete  block  was  determined 
by  measuring  the  vertical  movement  of  pins,  P,  with 
respact  to  the  upper  surface  of  the  concrete  block. 
These  pins  were  driven  into  the  pile  through  slots 
in  the  wall  of  the  steel  cylinder,  after  the  cylinder  had 
been  placed  in  position. 

In  the  anchorage  tests  the  specimens  were  inverted 
over  the  head  of  a  200,000-pound  universal  testing 
machine  as  shown  in  Figure  6  and  the  reinforcement 
attached  to  the  moving  head  of  the  machine,  either 
directly  where  a  single  rod  was  being  pulled  or  by  an 
equalizing  bar  and  a  single  connection  where  two 
rods  were  anchored  in  the  same  specimen. 

TEST  SPECIMENS  DESCRIBED  IN  DETAIL 

Figures  1  to  4  and  the  following  outline  give  full 
details  regarding  the  various  specimens  and  the  ages 
at  which  they  were  tested. 
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PILE     SECTION 
CONCRETE    CASING 
REINFORCING    BAR. 


Fig.  6. — Apparatus  Used  in  Anchorage  Tests 
BOND  TESTS 

Series   1. — Twelve   turned    and   four   unturned   pile 
sections  embedded  in  concrete  without  artificial  bond. 
Six  of  the  turned  and  two  of  the  unturned,  or  half  of 
each    type   of    pile    sections, 
were  tested  at  the  age  of  7 
days  and  the  other  half  at  the 
age  of  21  days. 

Series  2. — Six  turned  pile 
sections.  An  attempt  was 
made  to  increase  the  bond 
by  expanding  the  end  of  the 
pile  on  two  diameters  at 
right  angles  to  each  other  by 
driving  oak  wedges  2  inches 
thick  and  12  inches  long  in- 
to sawed  slots.  The  pile  sec- 
tions were  prevented  from 
splitting  completely  by  a 
steel  collar  placed  at  the  end 
of  the  saw  slots.  This  collar 
was  removed  after  the  wedges  had  been  driven  and 
before  the  concrete  casing  was  cast  and  another  collar 
was  placed  just  above  where  the  surface  of  the  concrete 
would  come  when  placed.  This  latter  collar  was  re- 
moved before  test.  All  of  these  specimens  were  tested 
at  the  age  of  21  days. 

Series  3, A. — Three  turned  pile  sections  into  which  two 
railroad  spikes  were  driven  on  opposite  sides  and  10 
inches  from  the  end  of  the  pile.  The  spikes  were 
driven  4  inches  into  the  pile  and  2  inches  extended  into 
the  surrounding  concrete.  These  specimens  were  tested 
at  the  age  of  21  days. 

Series  3,B. — Two  pile  sections  as  in  Series  3, A, 
except  that  four  spikes  were  driven  into  the  pile  at 


Pile  Section  of  Series  2 
Before  Encasement 


Pile  Section  of  Series  3,B  (Right)   and  of  Series  3, 
C  (Left) 

distances  of  6 3^  inches  and  13  inches  from  the  end. 
These  specimens  were  tested  at  the  age  of  21  days. 

Series  3,0. — Two  pile  sections  as  in  Series  3, A,  ex- 
cept that  six  spikes  were  driven  into  the  pile  at  points 
120°  apart  on  the  circumference  and  at  distances  of  5, 
10,  and  15  inches  from  the^end  of  the  pile.  These 
specimens  were  tested  at  the  age  of  21  days. 

Series  3,D—  Two  pile  sections  as  in  Series  3, A, 
except  that  eight  spikes  were  driven  into  the  pile  in 
opposing  pairs  at  distances  of  4,  8,  12,  and  16  inches 
from  the  end  of  the  piles.  These  specimens  were  tested 
at  the  age  of  21  days. 

Series  7. — Six  turned  pile  sections  identical  with 
Series  1  except  that  a  thin  metal  plate  was  tacked  to 
the  end  of  the  pile  section  so  as  to  prevent  any  bonding 
of  the  concrete  to  the  end  of  the  pile.  These  specimens 
were  tested  at  the  age  of  21  days. 

Series  8. — Six  turned  pile  sections  which  were  encased 
in  concrete,  while  submerged,  by  the  use  of  a  small 
tremie.  These  specimens  were  tested  at  the  age  of  21 
days. 

anchorage  tests 

Series  4,A. — Four  specimens.  In  this  group  round 
steel  bars  \l/2  inches  in  diameter  were  scored  or  hacked 
with  a  cold  chisel  at  1-inch  intervals  along  four  sides  or 
elements  of  the  bar  for  a  distance  of  27  inches.  These 
bars  were  then  driven  for  27  inches  into  1  j^-inch  auger 
holes  bored  through  the  longitudinal  axis  of  the  pile. 
In  two  cases  the  bars  were  driven  before  the  pile  was 
encased  in  concrete.  These  two  specimens  were  tested 
at  the  age  of  7  days.  The  other  two  piles  were  first 
encased,  the  bars  were  driven  14  days  later,  and  the 
specimens  were  tested  at  the  age  of  21  days. 

Series  If.,B. — Four  specimens  similar  to  those  in 
Series  4,A  except  that  smooth  round  bars  were  used. 
Two  rods  were  driven  14  days  and  two  20  days  after 
the  piles  were  encased  in  concrete  and  all  specimens 
were  tested  at  the  age  of  21  days. 
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Pile  Section  of  Series  6 
Ready  for  Encasement 


Series  5. — Four  specimens.  Fourteen  days  after  the 
pile  sections  were  encased  a  "fox  bolt"  l}i  inches  in 
diameter,  was  driven  into  a  1  ^-inch  hole  27  inches  deep 
bored  along  the  axis  of  each  pile.  All  specimens  were 
tested  at  the  age  of  21  days. 

Series  e. — Four  specimens.  Each  pile  section  was 
saw  slotted  for  12  inches  of  its  length  across  two  diam- 
eters of  the  pile.  At  the  end 
of  these  slots  a  heavy  split 
steel  collar  was  clamped 
around  the  pile.  Two  %-inch 
round  bars  were  hooked  un- 
der this  collar  on  opposite 
sides  of  and  extended  upward 
along  the  surface  of  the  pile 
section.  The  head  of  the  pile 
was  then  expanded  with  oak 
wedges  as  in  the  bond  tests  of 
series  2  and  the  whole  encased 
in  concrete.  These  specimens 
were  all  tested  at  the  age  of 
21  days. 

BONO  STRENGTH  NOT  MATERIAL- 
LY INCREASED  BY  WEDGES  AND 
SP1KKS 

The  data  obtained  during 
these  tests  consist  principally 
of  the  measured  load  when 
the  first  slip  occurred,  certain 
dimensional  information,  and 
in  some  cases  observations 
relative  to  the  behavior  of  the  particular  specimens. 
These  data  are  summarized  in  Tables  1  and  2.  In 
computing  the  unit  bonds  the  total  load  at  slip  actually 
indicated  by  the  micrometer  dial  was  divided  by  the 
area  of  the  embedded  cylindrical  surface  (end  area 
excluded).  The  dead  weight  of  the  mechanical  linkage 
was  a  negligible  percentage  of  the  total  load,  so  was 
not  deducted.  The  end  area  was  not  included  in  the 
bonded  area  since  the  tests  of  Series  7  showed  no  evi- 
dence of  appreciable  end  bond. 

The  first  observation  to  be  made  from  an  examina- 
tion of  the  data  is  that  a  definite  and  appreciable  bond 
existed  in  all  cases.  Six  turned  specimens  tested  at 
the  age  of  7  days  showed  an  average  bond  of  42.5 
pounds  per  square  inch  and  a  minimum  bond  of  33 
pounds  per  square  inch.  Five  turned  specimens  tested 
at  the  age  of  21  days  showed  an  average  bond  of  62.6 
pounds  per  square  inch  and  a  minimum  bond  of  55 
pounds  per  square  inch.  Unturned  specimens  tended 
to  give  somewhat  higher  bond  values  but  showed  con- 
siderably greater  variation  between  specimens  as  would 
naturally  be  expected. 

The  turned  specimens  of  Series  1  indicate  a  con- 
sistent tendency  for  the  bond  strength  to  increase  con- 
siderably from  7  to  21  days.  The  data  for  the  unturned 
specimens  do  not  show  this  tendency,  but  this  is  be- 
lieved to  be  due  to  the  small  number  of  specimens  of 
this  type  which  were  tested  at  each  age.  The  varia- 
bility of  the  unturned  specimens  would  thus  greatly 
affect  average  values  and  cause  them  to  be  of  little 
value  for  this  comparison. 

In  Series  2  and  3  the  attempt  was  made  to  increase 
the  holding  power  by  artificial  means,  and  it  is  evident 
that  the  initial  slip  occurred  at  practically  the  same 


Table  1. — Data  pertaining  to  the  pile-head  bond  tests 
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76 
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64 
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7 
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Concrete    placed 
under  water. 
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8M 
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27 

Do. 

25 

Average 

1  One  side  of  concrete  block  was  porous  and  air  was  sucked  as  pile  was  pulled. 

2  Edge  of  pile  caught  on  lower  ring.    (Fig.  5,  point  D.) 

3  6-inch  railroad  spikes  %  by  'He  inch  in  cross  section  were  driven  4  inches  into  the 
pile,  leaving  2  inches  projecting.  These  spikes  bent  as  the  pile  was  pulled  and  tore 
their  way  through  the  pile.  The  spikes  were  loose  in  the  concrete  when  the  pile  was 
removed. 

4  No  end  bond  because  of  plate  placed  between  end  of  pile  and  concrete. 
s  Concrete  crumbled  before  pulling. 
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Table  2. — Data  pertaining  to  the  anchorage  tests 


4  A 


4B 


Anchorage 


2  L 


13-2-ineh    notched 
bar     driven      27 
inches  in  1%-inch 
hole. 
..do 


Days 
7 


.do. 


4 
48 


49 


do 

lj^-inch  plain  bar 
driven  27  inches 
in  lJs-inch  hole. 

....do 


do.. 

do_. 


l>^-inch  fox  bolt 
driven  27  inches 
in  IJHi-inch  hole. 

do 

do 

do 

2  M-inch  bars  hook- 
ed under  collar  4!^ 
inches  wide,  pile 
spread  with  2-inch 


....do 

....do 

....do.. 


Pounds 
12,000 


15,  370 
16, 880 


19,  200 
26, 120 


1(1.011(1 


13,  000 
23.  750 


16,000 


17,  430 
17, 160 
17,240 
20,  uoo 


24,  500 
34, 100 
32,000 


Pounds 
12,000 


15,  370 

16, 880 

19,  200 
26,  120 

19,  000 

13,000 
23,  750 

17,  500 


18, 160 
17,420 
19,  480 
46,  050 


43, 130 
47,  790 
46,  800 


ag 


Inch 


K 


Remarks 


Bar  driven  before 
casting,  pile  split 
along  side. 

Bar  driven   before 

casting. 
Bar  driven  14  days 
after  casting. 
Do. 
Do. 


Bar  driven  20  days 
after  casting. 
Do. 
Bar  driven  14  days 
after  casting. 
Do. 


Do. 

Do. 
Do. 

Specimen  opened 
and  showed  no 
slip  of  collar. 


unit  loads  as  in  those  tests  where  no  such  attempt  was 
made.  The  average  unit  bond  of  comparable  speci- 
mens in  Series  1  was  62.6  pounds  per  square  inch  as 
compared  with  64.9  and  64  pounds  per  square  inch  for 
Series  2  and  Series  3,  respectively.  It  is  interesting  and 
perhaps  significant  that  the  variations  of  the  unit  bond 
values  of  individual  specimens  of  Series  2  from  the  aver- 
age value  for  the  series  is  smaller  than  those  of  any 
other  series.  In  Series  3  there  is  no  apparent  increase 
in  holding  power  through  the  use  of  projecting  spikes 
nor  is  there  any  apparent  difference  due  to  the  different 
number  of  spikes  in  the  various  specimens. 

During  the  tests  of  Series  1  the  point  was  raised  as 
to  whether  or  not  the  area  of  the  end  of  the  pile  should 
be  added  to  that  of  the  embedded  cylindrical  surface 
in  calculating  the  unit  bond  resistance  developed. 
This  was  important  since  in  these  tests  the  end  area 
was  10  per  cent  or  more  of  the  side  area.  Series  7 
was  added  to  the  program  to  secure  information  on 
this  point.  In  this  series  all  possible  end  bond  was 
avoided  by  the  use  of  a  thin  metal  plate  as  previously 
described.  The  average  unit  bond  developed  by  this 
series  is  60.8  pounds  per  square  inch  as  compared  with 
62.6  for  the  comparable  group  of  Series  1,  both  being 
computed  on  the  basis  of  side  area  only.  It  appears, 
therefore,  that  the  effective  bond  of  a  pile  head  is  due 
to  side  area  bond  only. 

In  Series  8  the  concrete  encasement  was  placed  under 
water  with  a  small  tremie  in  an  attempt  to  secure  a 
comparison  of  bond  values  for  underwater  construc- 
tion. It  is  doubtful,  however,  if  the  concrete  in  these 
specimens  was  of  as  good  quality  as  normally  would  be 
obtained  in  actual  construction  since  the  pressure 
heads  were  very  small.  It  is  felt  that,  although  the 
comparison  of  Series  8  with  Series  1  indicates  that 
much  greater  bond  strengths  were  developed  when  the 
concrete  was  cast  in  air  than  when  it  was  cast  under 


Uj*\ 


Specimens   of    Series   2    (Above)    and    of    Series    3, A 
(Below)  After  Test.     Concrete  Casing  is  Cut  Open 

to    Show   Results 


A  Specimen  of  Series  6  After  Test.  Concrete  Block 
Cut  Open  to  Show  Results.  The  Lower  End  of 
This  Pile  Was  Prepared  for  a  Bond  Test  and  the 
Cut  Shown  Was  Not  for  Use  in  the  Anchorage  Test 
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Pictures  Taken  in  Order  from  the  Left  Show  a  Hacked  Bar  Used  in  Series  4, A  Before  Driving; 
One  of  These  Bars  Pulled'  from  a  Pile  with  Wood  Fiber  on  Hacks;  a  Fox  Bolt  of  Series 
5  Before  Driving,  and  Two  of  These  Bars  Pulled  from  a  Pile  Head  Showing  Complete 
Expansion  of  the  Ends 


water,  too  great  reliance  should  not  be  placed  on  the 
values  obtained  in  Series  8.  It  is  thought  probable 
that  they  do  not  represent  the  maximum  bond  which 
can  be  obtained  in  foundation  seal  construction. 

ANCHORAGE  methods  prove  effective 

A  study  of  the  data  obtained  in  the  anchorage  tests 
indicates  that  appreciable  anchorage  of  the  steel  bars 
in  the  wooden  pile  sections  was  obtained  with  every 
method  used  in  these  tests.  Considering  first  the 
smooth  round  bars  of  Series  4,B,  it  will  be  noted  that 
where  the  bars  were  driven  14  clays  after  the  concrete 
was  cast  (or  7  days  before  testing)  anchorage  values 
of  23,750  and  26,120  pounds  were  obtained.  Where 
the  bars  were  driven  20  days  after  the  concrete  was 
cast  (or  1  day  before  testing)  anchorage  values  of 
13,000  and  19,000  pounds  were  obtained.  As  the 
embedded  area  of  the  bar  was  about  127  square  inches 
the  unit  values  corresponding  to  the  above  totals  are 
187  and  205  pounds  per  square  inch,  respectively, 
for  the  first  case  and  102  and  150  pounds  per  square 
inch,  respectively,  for  the  second. 

For  the  bars  which  had  been  hacked  with  a  cold 
chisel  (Series  4, A)  the  total  anchorage  values  were 
12,000  and  15,370  pounds  for  the  two  tests  at  the  age 
of  7  days  and  16,880  and  19,200  pounds  for  the  tests  at 
the  age  of  21  days. 


In  Series  5  where  fox  bolts  were  used  the  anchorages 
for  the  four  specimens  were  very  uniform,  the  average 
value  being  16,960  pounds  and  the  minimum  value 
being  16,000  pounds. 

The  loads  given  as  anchorage  values  are  the  maxi- 
mum loads  which  were  on  the  bars  at  the  instant  that 
the  first  slip  was  noted  and  obviously  are  not  safe 
anchorage  values. 

Series  6  differs  considerably  from  the  other  anchor- 
age tests  since  the  steel  bars  were  hooked  under  a  steel 
collar  around  the  expanded  pile  section  and  when  the 
casing  was  cast  this  collar  was  itself  embedded  in  con- 
crete. When  a  load  was  applied  to  the  two  projecting 
rods  as  illustrated  on  page  172,  the  stress  in  the  bars 
was  transferred  directly  to  the  concrete.  Since  the 
pile  head  reacted  against  the  top  of  the  testing  machine 
this  stress  in  the  concrete  was  transferred  to  the  pile 
section  through  its  surface  bond.  The  magnitude  of 
the  anchorage  available  depended  directly  on  the  bond 
between  the  concrete  and  the  pile.  Therefore,  in  view 
of  the  results  of  the  bond  tests  of  Series  2,  it  is  doubtful 
if  any  useful  purpose  was  served  by  the  expanded  pile 
head.  The  four  specimens  of  this  series  showed  an 
average  anchorage  of  27,650  pounds  and  a  minimum 
value  of  20,000  pounds.  In  the  case  of  the  weakest 
specimen  a  tension  of  more  than  22,000  pounds  per 

(Continued  on  p.  183) 


STRENGTH  CHARACTERISTICS  OF  CONCRETE 

RESULTS  OF  STUDY  OF  MODULUS  OF  ELASTICITY,  EFFECT  OF  MOISTURE  ON  STRENGTH  AND  BEHAVIOR 

UNDER  REPEATED  LOADING 


321. 
323. 
318. 
320. 
325. 
326. 
327. 
328. 
333. 


Age 


Crush- 
ing 
strength 


Days 

7 


Lbs 


pei 

n, 

2,180 
2,420 
2, 370 
2,610 
3,  000 
3,  230 
3,175 
3,510 
3,300 


Modulus 
of  elas- 
ticity 


Lbs.  per 
sg.  in. 
2,  730, 000 
2, 760, 000 
2,  760,  000 

2,  860,  000 

3,  280,  000 
:t,  xi,  (ion 
3,  520,  000 
3,  520,  000 
3,  180,  000 


By  A.  N.  JOHNSON,  Dean  of  Engineering  College,  University  of  Maryland 

ARTICLES  in  the  two  preceding  issues  of  Public 
J-J^     Roads  have  discussed  various  phases  of  the  gen- 
eral investigation  of  the  strength  characteristics 

of  concrete  conducted  by  the  engineering  experiment    

station  of  the  University  of  Maryland  with  the  coopera- 
tion of  the  United  States  Bureau  of  Public  Roads  and    sPecimen  No 

the    Maryland    State    Roads    Commission.     The    last    

article  gave  the  results  of  a  number  of  determinations 
of  the  modulus  of  elasticity  of  cores  drilled  from  con- 
crete roads. 

This  phase  of  the  investigation  was  continued  by 
making  similar  determinations  with  the  same  apparatus 
on  concrete  and  mortar  cylinders  cast  in  the  laboratory. 
These  cylinders  were  9  inches  high  and  4J/2  inches  in 
diameter.  The  molds  used  for  making  the  cylinders 
were  cut  to  the  proper  length  from  seamless  steel  tub- 
ing. A  slit  was  then  made  in  the  cylinders  along  an 
element  and  lugs  were  bolted  to  the  cylinders  so  that 
the  edges  made  by  the  slit  could  be  held  together 
with  bolts.  The  cylinders  were  placed  in  a  vise  and 
the  edges  of  the  longitudinal  crack  forced  together 
before  the  bolts  on  the  lugs  were  tightened  in  order  to 
avoid  stripping  the  bolt  threads.  In  casting  a  speci- 
men the  cylinders  were  oiled  on  the  inside,  placed  on 
an  oiled  slab  of  slate  having  a  smooth  surface,  and  filled. 
They  were  then  covered  with  a  piece  of  oiled  plate  glass. 
Before  testing,  a  thin  plaster  of  Paris  coating  was  usu- 
ally placed  on  each  end  of  the  test  cylinder  and  covered 
with  a  piece  of  plate  glass  to  insure  a  flat  end  surface. 

The  cylinders  were  left  in  the  molds  for  24  hours. 
They  were  then  removed  by  loosening  the  bolts,  when 
the  steel  shell  would  spring  open,  releasing  the  concrete 
specimen.  The  specimens  for  test  at  ages  of  30  days 
or  less  were  stored  in  damp  sand  until  the  time  of  test. 
Those  for  test  at  later  ages  were  stored  in  damp  sand 
for  about  one  month  and  then  stored  on  shelves  in  the 
laboratory.  The  methods  of  test  and  gauge  length 
were  identical  with  those  described  in  the  preceding 
article. 


Table  1.— Crushing  strength  and  modulus  of  elasticity  of  morta 
cylinders 

1  :  2  MORTAR,  30  DAYS  OR  LESS  IN  AGE 


Specimen  No. 


335. 
336. 
337. 
360. 
362. 


Average 


Crush- 
Age       ing 

strength 


Days 
21 
21 
21 
30 
30 


Lbs. per 
sq.  in. 
3, 280 
2, 500 
2,  600 
2,760 
2,830 


2,  8 !  2 


Modulus 
of  elas- 
ticity 


Lbs.  per 
sq.  in. 
3, 320, 000 
3,  240, 000 
3, 140, 000 
3, 320,  000 
3, 400,  000 


3, 165,  000 


1  :2  MORTAR,  OVER  30  DAYS  IN  AGE 


183. 
184. 
185. 
54.. 
57.. 
63.. 
65.. 
67.. 
69.. 
130. 
131. 
132. 
29.. 
30.. 
31.. 
32.. 
33.. 
34.. 
37.. 
38.. 
39.. 
40.. 
41.. 
42.. 
43.. 
44.. 
56.. 
61-- 


Years 

V? 

5,200 

3, 360,  000 

Yi 

4,000 

3, 100,  000 

Vt 

4,300 

3,  260,  000 

V* 

2,400 

3,  370,  000 

y 

3,200 

4,  200,  000 

y 

3,  700 

3,  660,  000 

y 

3,  300 

3, 640,  000 

y 

3,100 

3, 400,  000 

y 

3,  500 

4,  000,  000 

y 

4,400 

3,  940,  000 

y 

3,400 

3, 480,  000 

y 

4,900 

3,640,000 

i 

4,400 

3,  300,  000 

i 

3,900 

3, 160,  000 

i 

3,600 

5,  070,  000 

i 

4,300 

3,  600,  000 

i 

3,100 

3,  520, 000 

i 

2,800 

3,  380, 000 

i 

3,000 

3,  060,  000 

i 

2,400 

2, 960,  000 

i 

3,  100 

2,  780,  000 

i 

3.000 

3,  300,  000 

i 

3,400 

3,  200.  000 

i 

3,800 

3,  700,  000 

i 

2,800 

2,  440.  000 

i 

3,300 

3,  300,  000 

i 

3,400 

3,  040,  000 

i 

4,200 

3,  320, 000 

i 

3,400 

3, 440,  000 

58 

Years 
I'A 

m 

2 

53 

55 

71 

72... 

2 

73 

2 

74... 

2 

75 

2 

77.. 

2 

78 

2 

79 

2 

80 

2 

81 

o 

82 

2 

83 

2 

84 

2 

85 

2 

95... 

2 

96 

2 

97 

2 

98.. 

2 

99 .... 

2 

100 

2 

88 

3 

Grand  av_.  . 

3,900 
3.300 
3,000 
4,650 
3, 460 
3,760 
3,  540 
3,460 
4,150 
4,200 
4,050 
3,100 
4,740 
3,620 
4,700 
5,300 
5,500 
4,420 
3,140 
3,580 
2,450 
5,570 
2.775 
5,300 


3,  754 
3,  563 


3,  700,  000 
2,  700,  000 

2,  620,  000 

4,  240,  000 

3,  720,  000 
3,  800,  000 

3.  XI.  (II  III 

3,  400,  000 
3,  640,  000 
3,  440, 000 
3,  260,  000 
3, 320,  000 
3,  480,  000 
3.  i; iii.  (Kin 
3,  240, 000 
3,  580,  000 
3,  780,  000 
3,  740,  000 
3,  040,  000 
3,  520,  000 
3,  300,  000 
3,  760,  000 

L\7>,  COO 

3,  700,  000 


;;.  138, 000 

:;.  M   


MODULUS     OF     ELASTICITY     DETERMINED     FOR     CONCRETE     AND 
MORTAR  SPECIMENS 

Tables  1  and  2  give  the  results  obtained.  The  mor- 
tar specimens  were  of  1  part  cement  to  2  parts  sand  and 
the  average  crushing  strength  for  all  ages  from  7  days 
to  2  years  was  3,563  pounds  per  square  inch  and  the 


the  first  part  of  the  curve  but  gradually  depart  from 
a  straight  line  with  the  higher  loads.  These  curves 
were  used  in  determining  approximately  the  limit  of 
proportionality  or  elastic  limit.  Curves  are  shown 
for  each  class  of  specimen;  one  for  the  higher  values, 
one  for  the  medium  values,  and  one  for  the  lower  values 
of  modulus  of  elasticity. 

The  behavior  of  the  laboratory  specimens  was,  in 


average  modulus  of  elasticity  was  3,381,000  pounds    general^  similar  to  that  of  cores  drilled  from  concrete 
per  square  inch. 

The  concrete  specimens  were  a  1:2:3  mix,  the  coarse 
aggregate  being  crushed  limestone  with  a  maximum 
size  of  about  three-fourths  inch.  The  average  crush- 
ing strength  at  ages  from  7  days  to  2  years  was  2,235 
pounds  per  square  inch  and  the  average  for  the  modulus 
of  elasticity  was  3,407,000  pounds  per  square  inch. 

Typical  load-deformation  curves  for  mortar  speci- 
mens and  for  concrete  specimens  are  shown  in  Figures  1 
and  2.     They  all  show  a  straight-line  relationship  for 


roads  (described  in  preceding  article)  and  substantiates 
the  general  conclusion  as  to  the  elastic  behavior  of 
concrete  under  pressure.  PracticaUy  all  of  the  curves 
for  both  road  cores  and  laboratory-made  specimens 
show  the  characteristic  load-deformation  curve  as 
substantially  a  straight  fine  for  the  lower  portion, 
then  a  smooth  curve  tangent  to  the  initial  straight-line 
portion  of  the  curve. 

A  few  specimens  of  neat  cement  and  of  1 : 1  mortar 
were  made,  and  the  results  of  tests  are  given  in  Table  2. 
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Table  2. — Crushing  strength  and  modulus  of  elasticity  of  concrete 

cylinders 

1:2:3  CONCRETE,  30  DAYS  OR  LESS  IN  AGE 


Crush- 

Specimen No. 

Age 

ing 
strength 

Lbs.  per 

Days 

sq.  in. 

429 __ 

7 

1,400 

430 

7 

1,445 

367... _ 

8 

1,  435 

368 

8 

1,470 

405 

14 

1,680 

406 

14 

1,  805 

414 

14 

1,445 

415 

14 

1,420 

416. 

14 

1,600 

420 

21 

1,600 

Modulus 
of  elas- 
ticity 


Lbs.  per 
sq.  in. 
3, 720, 000 
3, 680, 000 
3,  400,  000 
3,  740,  000 
3,  800, 000 
3,  640, 000 
3,  920,  000 
3,  560,  000 
3,  920,  000 
3,  900,  000 


Specimen  No. 


421. 
422. 
432- 
433. 
434. 
381. 
383. 


Average. 


Age 


Crush- 
ing 
strength 


Dans 
21 
21 
29 
29 
29 
30 
30 


Lbs.  per 
sq.  in. 
1,900 
1,830 
1,705 
1,900 
1,600 
1,825 
1,965 


Modulus 
of  elas- 
ticity 


1,649 


Lbs.  per 
3q.  in. 
4,  400,  000 
4,  000,  000 
3, 680,  000 
3, 900,  000 

3,  560,  000 
4, 180,  000 

4,  280,  000 


3,  840,  000 


1:2:3  CONCRETE,  OVER  30  DAYS  IN  AGE 


177 

Years 
X 
H 

l 
l 

2 
2 

2 
2 
2 
2 
2 
2 
2 
2 

3,000 
2,900 
2,400 
2,500 
2,500 
1,750 
3,700 
2,500 
2,300 
3,100 
2,170 
2,500 
2,270 
2,640 
1,780 

178 _ 

179 

102  .. 

104 

105 

106 

107  ..     . 

108- . 

109 

110 

Ill 

112 

113 

114..   .. 

3,  740,  000 
3, 800, 000 
3,  660, 000 
3,  060,  000 
3, 300,  000 
2,  400,  000 
4, 140,  000 
2,  940,  000 
3, 100,  000 
3, 160,  000 

2,  360,  000 

3,  200,  000 
3,  580, 000 
2,  940,  000 
2,  840, 000 


115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
124. 
164. 


Average.. 
Grand  av_ 


Years 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 


1,780 
1,550 
1,640 
1,310 
3,900 
3.280 
4,400 
3,100 
3,000 
3,100 
3,000 


2,618 
2,235 


2,410,000 
2,  420,  000 

2,  960,  000 

3,  480,  000 
3, 480, 000 
2,  740, 000 
3, 880, 000 
2,  810,  000 

2,  520, 000 
3,120,000 

3,  180,  000 


3,124,000 
3,  407,  000 


1:2:4  CONCRETE 


Specimen  No. 

Age 

Crushing 
strength 

Modulus 

of  elasticity 

154...                 

Year 

1/2 
1/2 
1/2 

Lbs.  per 

sq.  in. 

2,600 

2,900 

2,300 

Lbs.  per 
sq.  in. 
3,  760, 000 
3, 640, 000 

155 

156 

3,  540,  000 

Average _.      _      .. 

2,600 

3,  046,  000 

NEAT  CEMENT  MORTAR 


174. 

2/3 
2/3 
2/3 

5,220 

3,500 
3,650 

2,110,000 
1,280,000 
1  430  000 

175. 

176 

Average ...  

4,123 

1,  606,  000 

1  : 1  MORTAR 


Specimen 
No. 

Age 

Crushing 
strength 

Modulus  of 
elasticity 

Specimen 
No. 

Age 

Crushing 
strength 

Modulus  of 
elasticity 

46 

Year 

Lbs.  per 
sq.  in. 
2,600 
2,600 
3,500 
3,700 

Lbs.  per 
sq.  in. 
3, 000, 000 
3, 400, 000 
3, 720, 000 
5, 350, 000 

51 

Year 

1 
1 

Lbs.  per 
sq.  in. 
4,300 
4,000 

Lbs.  per 
sq.  in. 

48. 

52 

2, 800, 000 

49 

50. 

3,450 

3,  545, 000 

MODULUS    OF    ELASTICITY    AFFECTED    BY    AGE    OF    CONCRETE 

Referrring  to  Table  1,  it  is  seen  that  the  mortar 
specimens  of  30  days  and  less  in  age  had  an  average 
strength  of  2,842  pounds,  while  the  specimens  of  1  or 
2  years  age  (including  a  few  60-day  specimens)  showed 
an  average  strength  of  3,754  pounds  per  square  inch. 
The  modulus  of  elasticity  for  the  30-day  specimens 
was  3,165,000  pounds  per  square  inch  and  for  the  older 
specimens  3,438,000  pounds  per  square  inch,  a  marked 
increase  in  strength  and  some  increase  in  the  value  of 
the  modulus  of  elasticity. 
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DEFORMATION  -  HUNDRED  THOUSANDTHS  OF  AN  INCH 

Fig.  1. — Typical  Load-Deformation  Curves  for  Mortar 
Specimens.  Deformations  Shown  Are  Per  Inch  of 
Length 

The  concrete  specimens  30  days  and  less  in  age 
averaged  1,649  pounds  per  square  inch  crushing  strength 
and  those  1  and  2  years  old  2,618  pounds  per  square 
inch.  The  modulus  of  elasticity  of  the  concrete  30 
days  or  less  in  age  was  3,840,000  pounds  per  square 
inch,  while  the  modulus  for  the  older  specimens  was 
3,124,000  pounds  per  square  inch,  a  marked  decrease 
in  the  value  for  the  modulus  of  elasticity. 

The  results  for  the  concrete  run  parallel  with  the 
trend  of  the  values  for  the  modulus  of  elasticity  found 
for  the  road  cores;  that  is,  there  was  apparently  a 
dropping  off  in  the  value  of  the  modulus  of  elasticity 
with  the  age  of  the  concrete,  although  not  as  marked 
as  for  the  cylinders  made  in  the  laboratory. 
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old,  although  some  of  the  specimens  were  but  2  years- 
old  and  a  few  1  year  old. 

Table  3. — Effect  oj  moisture  on  strength  and'modulus  oj  elasticity 
of  concrete 
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Fig.  2. — Typical  Load-Deformation  Curves  for  Con- 
crete Specimens.  Deformations  Shown  Are  Per 
Inch  of  Length 

tests  made  of  dry  and  moist  concrete 

A  number  of  cylinders  were  cast  for  the  purpose  of 
making  comparative  tests  on  wet  and  dry  concrete. 
These  cy Under s  were  cast  in  groups  of  10.  Three  such 
groups  were  made  of  1 :  2  mortar  and  two  groups  were 
made  of  1 :  2  :  3  concrete  using  a  limestone  coarse  aggre- 
gate. These  cylinders  were  cured  in  the  same  manner 
as  other  cylinders  for  about  24  months.  At  that  time 
five  cylinders  from  each  group  were  immersed  in  water 
and  a  like  number  were  allowed  to  remain  in  the  air. 
The  cylinders  placed  in  water  were  removed  after  one 
month  and  together  with  the  cylinders  left  in  air  were 
tested  for  crushing  strength  and  modulus  of  elasticity. 
The  results  are  shown  in  Table  3,  which  is  arranged  to 
show  the  grouping  of  the  specimens — thus,  71,  73,  75, 
72,  and  74  were  all  made  at  the  same  time. 

A  further  comparison  of  strength  of  concrete  when 
wet  compared  with  dry  condition  was  made  upon  a 
number  of  concrete  beams.  These  beams  were  originally 
30  inches  long,  4  inches  wide,  and  3  inches  deep,  and 
had  been  tested  by  cross  breaking  at  the  center.  Thus, 
each  beam  furnished  two  short  beams,  one  of  which 
was  submerged  in  water  before  testing.  The  breaking 
load  for  a  12-inch  span  of  the  beam  was  obtained. 

The  wet  beams  were  immersed  in  water  for  about 
one  week.  The  average  load  sustained  by  the  dry 
sections  of  the  beams  for  60  samples  was  1,717  pounds, 
while  for  the  wet  sections  the  average  was  1,273 
pounds.     These   beams   were   approximately   3   years 


Dry  specimen 

Specimen  No. 

Wet  specimen 

Specimen  No. 

Crushing 
strength 

Modulus  of 
elasticity 

Crushing  (Modulus of 
strength  :   elasticity 

71 

Lbs.  per 

sq.  in. 

4,650 

3,760 

3,460 

4,150 
4,050 
4,740 

4,420 
3,580 
5,570 

Lbs.  per 

sq.  in. 
4,  240, 000 
3, 800, 000 
3, 400, 000 

3,  640,  000 
3,  260,  000 
3,  480,  000 

3,  740,  000 
3,  520,  000 
3,  760,  000 

72 

Lbs.  per 
sq.  in. 
3,460 
3,540 

4,200 
3,100 
3,620 

3,140 

2.450 
2,775 

Lbs.  per 
sq.  in. 
3, 720, 000 
3, 280, 000 

73, 

74 

75. 

78 

77 

3, 440, 000' 
3,  320, 000 
3,  640,  000 

3, 040, 000- 
3,  300,  000 
2,  720,  000 

79 

80 

81.. 

82 

95 

96 

97__ 

98 

99. 

100 

Average 

Average 

4,264 

3,  649,  000 

3,286 

3,  307,  500' 

1:2:3  CONCRETE 


107.. _ 

2,500 
3,100 
2,500 

2,640 
1,780 
1,640 

2,  940, 000 
3, 160, 000 
3, 200, 000 

2,  940,  000 
2,  410,  000 
2,  960,  000 

108 

2,300 
2, 170 
2,270 

1,780 
1,550 
1,310 

3, 100,  000 

2,  36(1,  000 

3,  580,  000 

2,  840,  000' 
2,  420. 000 
3, 480, 000- 

109.. 

110 

111 

112 

113 

114 

115... 

116 

117. 

118... 

Average 

Average 

2,360 

2,  935,  000 

1,897 

2,  963,  000. 

The  strength  of  the  wet  specimens  expressed  as  a 
percentage  of  the  strength  of  the  dry  specimens  was 
for  the  mortar  cylinders  73  per  cent,  for  the  concrete 
specimens  80  per  cent,  and  for  the  concrete  beams 
under  cross-breaking  load  74  per  cent.  The  modulus 
of  elasticity  was  not  particularly  affected,  being  prac- 
tically the  same  whether  the  concrete  was  wet  or  dry. 

CONCRETE  TESTED  UNDER  REPEATED  LOADINGS 

A  number  of  tests  were  made  to  study  the  elastic 
behavior  of  concrete  that  had  been  considerably  over- 
loaded, then  unloaded,  and  subsequently  reloaded. 
These  tests  were  made  on  concrete  specimens  mixed 
in  the  proportions  1:2:3  and  also  a  number  of  mortar 
specimens  mixed  in  the  proportions  of  1:2.  The  age 
of  the  specimens  was  about  2  years  at  the  beginning 
of  the  test,  which  covered  a  period  of  about  1  year. 

The  procedure  followed  was  to  place  a  cylinder  in 
the  testing  machine  with  the  mirror  extensometers- 
attached  and  take  readings  corresponding  to  load 
increments  of  50  to  100  pounds  per  square  inch,  the 
loading  being  carried  from  zero  to  a  point  well  beyond 
the  limit  of  proportionality  or  elastic  limit.  The  load 
was  then  released,  the  reading  of  the  extensometers  at 
the  zero  loading  noted  and  readings  continued  at  short 
intervals  for  about  15  minutes,  or  until  there  was  sub- 
stantially no  further  recovery  recorded.  Then  the 
specimen  was  submitted  to  a  second  loading  under  the 
same  methods  of  procedure.  The  loading  was  applied 
four  times  to  most  of  the  specimens  which  were  then 
laid  aside  and  about  a  year  later  they  were  again  sub- 
mitted to  a  similar  test,  the  loading  being  carried  to 
the  point  of  failure  on  the  first  run. 

These  experiments  were  made  upon  5  cylinders  of 
1:2  mortar,  7  cylinders  of  1:2:3  concrete,  3  neat- 
cement  cylinders,  and  3  road  cores.     Figures  3  and  4 
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Fig.  3. — Load-Deformation  Curves  of  a  1:2:3  Con- 
crete Cylinder  Under  Repeated  Loading 
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show  the  results  in  detail  for  one  typical  mortar  and 
one  concrete  specimen  and  present  some  interesting 
phenomena.  Figure  3  shows  graphically  the  results  of 
tests  on  specimen  No.  121  as  described  above.  The 
deformations  recorded  are  shown  in  Table  4.  The 
load-deformation  curve  for  the  first  load  applications 
shows  the  ordinary  characteristics  that  have  been  found 
for  practically  all  the  concrete  and  mortar  specimens. 
It  is  noted  first  that  the  initial  portion  of  each  of  the 
curves  of  Figure  3  is  substantially  a  straight  line. 
The  slope  of  the  straight-line  portion  of  these  curves 
measures  the  modulus  of  elasticity,  which  for  the  first 
run  was  3,870,000  pounds  per  square  inch;  for  the 
second  run,  3,340,000  pounds  per  square  inch;  for  the 
third  run,  3,240,000  pounds  per  square  inch;  and  for 
the  fourth  run  3,140,000  pounds  per  square  inch,  while 
for  the  fifth  run,  made  a  year  later,  the  value  is  3,440,- 
000  pounds  per  square  inch. 

Table  4. — Deformations  oj  specimen  No.  121  under  four  repeated 

loadings  on  same  day 

[All  deformations  are  recorded  from  zero  reading  at  beginning  of  test] 


Deforma- 

Deforma- 

tion after 

tion  under 

removal  of 

load  of 

load  and 

2,400 

allowing 

pounds 

several 

per  square 

minutes 

inch 

for  re- 
covery 

Inches  per 

Inches  per 

inch 

inch 

0. 000698 
. 000715 
.  000726 
.  000733 

0. 000043 

. 000049 

Thirdrun.                                                       

.  000049 

.  000056 

The  elastic  limit  as  disclosed  by  these  diagrams  (fig.  3) 
is  about  600  pounds  per  square  inch  for  the  first  curve, 


1,100  pounds  per  square  inch  for  the  second  and  third, 
and  for  the  fourth  800  pounds  per  square  inch.  For  the 
fifth  run  the  straight-line  relationship  extends  well 
toward  3,000  pounds  per  square  inch,  the  specimen 
breaking  at  4,400  pounds  per  square  inch.  It  is  to  be 
noted  that  for  the  second,  third,  and  fourth  application 
of  the  load  to  specimen  121  that  the  load-deformation 
curves  are  convex  to  the  horizontal  axis. 

Figure  4  shows  the  curves  for  a  similar  succession  of 
load  applications  to  a  mortar  cylinder  which  is  typical 
of  results  secured  with  other  specimens.  The  slope  of 
the  curve  representing  the  first  application  of  load 
gives  a  value  for  E  of  3,550,000  pounds  per  square  inch. 
For  the  second  application  the  value  is  3,190,000 
pounds  per  square  inch;  for  the  third  application  of  load, 
4,120,000  pounds  per  square  inch.  For  the  fourth  it  is 
3,240,000  pounds  per  square  inch;  and  for  the  fifth  run 
it  is  3,100,000  pounds  per  square  inch. 

On  the  first  run  the  elastic  limit  is  about  600  pounds 
per  square  inch.  On  the  second  application  of  load 
this  limit  is  raised  to  about  2,000  pounds  per  square 
inch.  The  loading  was  not  carried  far  enough  on  the 
third  run  to  give  an  indication,  but  on  the  fourth  run  it 
was  in  the  neighborhood  of  1,500  pounds  per  square 
inch,  while  for  the  final  run,  after  the  specimen  had 
rested  for  a  year,  the  elastic  limit  appears  to  be  about 
1,000  pounds  per  square  inch. 

In  general,  the  effect  of  overloading  concrete  tem- 
porarily, and  then  having  the  load  released,  is  to  reduce 
somewhat  the  value  of  the  modulus  of  elasticity.  The 
specimens  suffer  a  deformation  which  is  not  wholly 
recovered  and  the  apparent  elastic  limit  is  raised. 

From  the  few  data  at  hand  no  quantitative  con- 
clusions are  warranted,  but  they  do  show  that  concrete 
behaves  in  a  manner  similar  to  other  materials,  par- 
ticularly steel,  which  exhibit  both  elastic  and  plastic 
properties. 


MODEL  ANALYSIS  OF  YADKIN  RIVER  BRIDGE  COMPLETED 


In  connection  with  the  study  of  loading  tests  made 
on  the  spandrel-arch  concrete  bridge  over  the  Yadkin 
River  between  Albemarle  and  Mount  Gilead,  N.  C, 
an  analysis  of  a  celluloid  model  of  this  bridge  using 
Beggs  deformeter  gauges  has  been  made  as  a  coopera- 
tive project  by  the  Bureau  of  Public  Roads  and  Johns 
Hopkins  University. 

In  designing  an  open-spandrel  rib  arch  of  the  type 
of  the  Yadkin  River  bridge  it  is  usually  assumed  that 
the  action  of  the  rib  is  unaffected  by  the  superstructure. 
Obviously,  this  is  not  the  case,  but  a  mathematical 
analysis  of   the  complete   arch,  including   the  super- 


structure, is  so  complex  as  to  be  impracticable  for 
purposes  of  design.  A  comparison  of  results  from  the 
model  analysis  and  the  measured  results  obtained  by 
loading  the  bridge  itself  will  indicate  to  what  extent 
the  action  of  a  model  made  of  a  uniform  elastic  material 
such  as  celluloid  may  be  taken  as  representing  the 
action  of  a  reinforced  concrete  structure  which  is  a 
nonuniformly  elastic  material. 

It  is  anticipated  that  the  report  on  the  Yadkin  River 
bridge  tests  and  also  the  report  on  the  model  studies 
which  will  be  made  separately  will  be  made  available 
in  this  magazine  at  an  early  date. 
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A  MECHANICAL  TRAFFIC  COUNTER  DEVELOPED  IN  DENMARK 


A  mechanical  traffic  counter  has  been  constructed 
on  the  experimetal  road  at  Roskildevej  near  Copen- 
hagen, Denmark,  which  may  be  of  interest  to  Amer- 
ican engineers.  This  apparatus  is  illustrated  in  Figure 
1.  A  rectangular  channel  with  concrete  bottom  and 
sides  is  constructed  across  the  roadway.  This  channel 
is  covered  by  two  substantially  buit  wooden  gates 
or  flaps  which  are  approximately  level  with  and  a  part 
of  the  road  surface.  One  side  of  each  flap  rests  upon  the 
side  wall  of  the  concrete  channel  while  the  other  sides 
meet  at  the  center  and  bear  upon  a  steel  channel  which 
is  supported  by  three  spring-supported  plungers. 
Details  of  this  apparatus  are  shown  in  Figure  1. 

The  movement  of  the  flaps  under  a  load  is  about  2 
centimeters  (0.8  inch)  before  they  are  brought  to  rest. 
The  spring  restores  the  flap  to  its  initial  position  after 


the  load  is  removed.  This  movement  closes  an  elec- 
trical contact,  allowing  current  to  flow  which  actuates 
a  counter.  Details  as  to  the  type  of  counter  used  are 
not  given. 

In  the  particular  installation  described  difficulty  was 
encountered  from  horse-drawn  traffic  since  a  record 
was  made  by  the  horse  and  both  axles  of  the  vehicle. 
This  was  overcome  by  installing  a  mercury  switch  and 
timer  which  disconnected  the  current  to  the  counter 
for  five  seconds  after  each  contact. 

The  counters  are  read  once  each  day  and  have  proven 
very  satisfactory  in  service.  They  indicate  only  the 
total  number  of  vehicles  which  pass,  and  it  is  therefore 
necessary  to  make  occasional  counts,  indicating  the 
various  classes  of  vehicles,  for  use  in  interpreting  this 
data. 


m  io 
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Fig.  1. — Arrangement  for  Counting  Traffic  on  Three  Lanes  of  Experimental  Road 
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(Continued  from  p.  176) 

square  inch  was  applied  to  the  bars  without  slip,  and 
failure  finally  occurred  in  each  case  by  one  of  the  two 
bars  elongating  and  breaking  in  tension  at  the  point 
where  it  was  bent  under  the  steel  collar.  The  con- 
crete casings  were  broken  open  after  the  tests  and 
showed  neither  movement  of  the  collar  on  the  pile 
section  nor  of  the  pile  section  in  the  concrete  casing. 

CONCLUSIONS  PRESENTED 

From  the  analysis  of  the  data  obtained  in  these  tests 
the  following  general  conclusions  seem  to  be  justified: 

BOND    TESTS 

Definite  and  appreciable  bond  can  be  developed 
between  timber  pile  heads  and  the  concrete  in  which 
they  are  encased. 

The  bond  between  the  pile  head  and  the  surrounding 
concrete  appears  to  increase  between  the  ages  of  7  and 
21  days. 

Better  strength  concrete  and  much  greater  bond  were 
obtained  where  the  casting  of  the  concrete  casings  took 
place  in  air  than  where  it  was  done  under  water.  Par- 
ticular attention  is  called  to  the  fact  that  the  concrete 
placed  under  water  in  these  tests  was  probably  not  re- 
presentative of  the  best  obtainable  in  actual  foundation 
seal  construction,  as  pointed  out  in  the  foregoing  dis- 
cussion. 

The  total  bond  developed  between  the  pile  head  and 
the  surrounding  concrete  is  a  function  of  the  area  of  the 


embedded  cylindrical  surface  of  the  pile.     The  bond  at 
the  end  of  the  pile  appears  to  be  negligible. 

Pile  sections  that  had  been  peeled  and  roughly 
trimmed  developed,  in  general,  as  high  bond  strength  as 
did  those  where  the  attempt  was  made  to  increase  the 
holding  power  artificially  by  any  of  the  methods  in- 
cluded in  these  experiments. 


ANCHORAGE    TESTS 


Appreciable  anchorage  of  steel  bars  in  the  ends  of 
wood  pile  heads  may  be  obtained  by  any  of  the  methods 
used  in  these  tests. 

Plain  round  reinforcing  bars  driven  into  undersize 
holes  appear  to  develop  as  great  an  anchorage  as  either 
the  hacked  bars  or  the  fox  bolts,  although  the  anchorage 
obtained  with  the  fox  bolts  seems  to  be  somewhat  more 
consistent  than  that  obtained  with  either  of  the  other 
two  methods. 

The  methods  of  anchoring  steel  bars  to  wood  pile 
heads  encased  in  concrete  by  means  of  a  steel  collar  to 
which  the  bars  are  attached  may  be  depended  upon  to 
furnish  greater  anchorage  than  any  of  the  methods 
mentioned  above.  However,  attention  is  called  to  the 
fact  that  in  this  case  the  transfer  of  stress  from  the  bars 
to  the  pile  is  through  the  surface  bond  between  the  con- 
crete and  the  pile  section.  It  is  doubtful  if  either  the 
expanded  pile  head  or  the  fact  that  the  steel  collar  is 
directly  in  contact  with  the  pile  appreciably  affect  the 
anchorage. 


Sample  No. 

Sand- 
stone 

Lime- 
stone 

Lime- 
stone 

Lime- 
stone 

Diabase 

Granite 

1              

5 
5 
4 
5 

5 
5 

5 
4 
4 
5 
4 
4 

4 

4 
4 
4 
4 
4 

12 
11 
12 
13 
12 
12 

13 
12 
13 
13 
12 
13 

8 

2                       . 

7 

3                         

7 

7 

EFFECT  OF  MOISTURE  ON  TOUGHNESS  OF  ROCK 

A   recent   visitor  l    to    the   Bureau   of   Public   Roads,      Table  l.— Toughness  of  various  kinds  of  rock  when  tested  in  a 

stated  that  in  India  there  have  been  frequent  failures  dnJ  and  saturated  condltwn 

of  road  metal  when  it  was  thoroughly  saturated  with  tested  in  dry  condition 

water.  No  such  occurrences  have  been  reported  in 
the  United  States,  but  it  was  considered  of  interest  to 
make  a  few  laboratory  tests  to  investigate  this  condi- 
tion. The  failures  were  reported  to  have  occurred 
under  horse-drawn  and  animal  traffic,  so  it  was  believed 
that  the  toughness  of  the  rock  was  affected  by  absorp- 
tion of  water. 

A  number  of  toughness  specimens  were  prepared 
from    six   different   kinds   of   rock.     These   materials 

were   loose-textured   granular  sandstone,  soft  crystal-  tested  in  wet  condition 

fine  limestone,  soft  amorphous  Limestone,  hard  siliceous    _ 
limestone,  trap  (diabase),  and  granite.  _  1 

One-half  of  the  specimens  of  each  group  were  mi-     2_~ 
mersed  in  water  for  five  days  to  permit  them  to  become    \-_ 
thoroughly   saturated,    and   were   tested   immediately    s. 
upon  removal  from  the  water.     All  of  the  immersed 
specimens  were  found  to  be  thoroughly  saturated. 

The  samples  were  tested  in  the  Page  impact  machine  jt  w[]\  be  noted  that  the  toughness  of  the  dry  rock  is 
for  toughness  of  rock  using  the  standard  2-kilogram  tjie  same  as  that  when  the  rock  is  thoroughly  saturated 
hammer.2  The  results  of  the  tests  are  shown  in  ac-  with  water.  This  applies  to  all  the  materials  tested 
companying  Table  1.  which  range  from  very  soft  to  hard  rock.     It  is  there- 

~     fore  considered  improbable  that  a  road  failure  would 

.,|^i5£^»^t^^ft^^S»».^«H.»..M»™M    occur  in  the  road  metal  itself  of  the  types  tested  due 

foe  the  Determination  of  the  physical  properties  of  road-building  rock.      onlplv  +0  absorption  01  Water. 
U.S.  Dept.  Agri.  Bull.  No.  347,  28  p.,  illus.,  1916.  suxeij    w   nv.       ! 
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COMPREHENSIVE    CONCRETE    PAVEMENT    CURING     TESTS     NOW    IN    PROGRESS    IN 

TENNESSEE 


The  most  comprehensive  series  of  concrete  pavement 
curing  tests  yet  undertaken  was  initiated  during  the 
past  summer  on  Tennessee  Federal-aid  project  18-A 
between  Memphis  and  Somerville.  The  Bureau  of 
Public  Roads  is  cooperating  with  the  Tennessee  Depart- 
ment of  Highways  and  Public  Works  in  this  investiga- 
tion which  has  been  planned  to  include  practically  every 
curing  method  which  has  received  serious  consideration. 

The  general  scheme  of  the  test  is  to  cure  one  side  of 
the  pavement  continuously  with  the  State  standard 
method,  consisting  of  application  of  wet  burlap  for  24 
hours  followed  by  a  2-inch  earth  covering  kept  wet  for 
10  days.  For  comparison  with  this  standard  curing, 
the  other  side  of  the  pavement  will  consist  of  a  series 
of  sections,  each  consisting  of  a  day's  run  or  approxi- 
mately 1 ,000  feet,  and  each  cured  in  a  different  manner. 

The  sections  will  be  as  described  and  in  the  order  tabu- 
lated below.  It  should  be  possible  to  repeat  the  entire 
series  at  least  four  times  on  the  17-mile  project  making 
4,000  linear  feet  of  pavement  cured  by  each  method. 

The  design  of  the  pavement  was  modified  from  the 
State  standard  8-6-8  cross  section  to  8-7-8  so  as  to 
eliminate  all  tie  bars  across  the  center  joint  which  would 
restrict  the  expansion  or  contraction  of  one  side  of  the 
slab  with  respect  to  the  other  and  so  effect  the  results 
of  the  test.  The  pavement  consists  of  plain  concrete, 
18  feet  wide,  with  a  metal  center  strip  from  which  the 
%-inch  pins  to  the  subgrade  are  removed  as  soon  as 
possible  after  the  pavement  is  laid.  The  earth  shoulder 
on  each  side  of  the  pavement  is  4  feet  wide. 

The  following  are  the  curing  methods  used: 

1.  Wet  burlap  for  24  hours — no  further  curing. 

2.  Wet  burlap  for  48  hours — no  further  curing. 

3.  Wet  burlap  for  72  hours — no  further  curing. 

4.  Wet  burlap  for  96  hours — no  further  curing. 

5.  No  curing  whatever. 

6.  Sisalcraft  for  24  hours — no  further  curing. 

7.  Wet  burlap  for  24  hours  followed  by  surface 
application  of  sodium  silicate. 

8.  Asphaltic  emulsion  applied  immediately  after 
finishing. 

9.  Wet  burlap  for  24  hours  followed  by  surface  ap- 
plication of  calcium  chloride. 

10.  Calcium  chloride  admixture  and  wet  burlap  for 
24  hours. 

11 .  Coal  tar  applied  cold  immediately  after  finishing. 


12.  Hunt  process  applied  immediately  after  finishing. 

13.  Tar  paper  on  subgrade.  Hunt  process  applied 
immediately  after  finishing. 

14.  Tar  paper  on  subgrade.  Coal  tar  applied  cold 
immediately  after  finishing. 

15.  Tar  paper  on  subgrade.  Calcium  chloride  ad- 
mixture and  wet  burlap  for  24  hours. 

16.  Tar  paper  on  subgrade.  Wet  burlap  for  24 
hours  followed  by  surface  application  of  calcium 
chloride. 

17.  Tar  paper  on  subgrade.  Asphaltic  emulsion 
applied  immediately  after  finishing. 

18.  Tar  paper  on  subgrade.  Wet  burlap  for  24 
hours  followed  by  surface  application  of  sodium  silicate. 

19.  Wet  burlap  for  24  hours  followed  by  dry  earth 
curing. 

20.  Wet  burlap  for  24  hours  followed  by  ponding. 
For  each  experimental  section  it  is  planned  to  cast 

24  concrete  beams  6  by  6  by  46  inches  .n  size — 12  on 
the  wet  earth  curing  side  and  12  on  the  experimental 
side.  These  specimens  will  be  cast  in  three  groups  of 
four  specimens  on  each  side  at  approximately  equal 
intervals  throughout  a  section.  The  molds  will  be 
removed  at  the  end  of  24  hours  and  the  sides  of  the 
specimens  protected  from  drying  out  by  means  of  tar 
paper,  against  which  earth  will  be  banked.  The  sub- 
sequent curing  will  be  as  nearly  as  possible  like  that 
of  the  adjacent  pavement  section.  In  addition  there 
will  be  cast  for  each  experimental  section  one  set  of 
four  beams  which  will  receive  no  curing  whatever. 
Beams  will  be  tested  at  the  age  of  3,  7,  14,  and  28  days. 
The  length  of  the  beams  is  sufficient  to  permit  a  test 
on  each  beam  at  each  of  these  four  periods.  This  will 
give  28  tests  for  modulus  of  rupture  of  concrete  for 
each  age  and  for  each  test  section — 12  on  the  standard 
curing  side,  12  on  the  experimental  curing  side,  and  4 
on  the  beams  which  are  not  cured. 

Detailed  observations  as  to  temperature,  humidity, 
wind  velocity,  rainfall,  condition  of  concrete  and  sub- 
grade,  and  other  details  will  be  made  throughout  the 
progress  of  the  work. 

Concrete  cores  will  also  be  drilled  from  each  section 
at  points  corresponding  to  the  locations  represented  by 
the  concrete  beams.  These  cores  will  be  used  for  the 
determination  of  strength  of  concrete  at  periods  subse- 
quent* to  28  days. 
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LOADING  TESTS  ON  A  REINFORCED  CONCRETE  ARCH 

REPORT  ON  TESTS  MADE  ON  YADKIN  RIVER  BRIDGE  IN  NORTH  CAROLINA 

Reported  by  ALBIN  L.  GEMENY,  Se„ior  Structura,  Engineer,  Bure.n  of  P*^,  and  W.  F.  HUNTER,  Designing  Bridge  Engineer,  North  Carolina  Highway 


BEFORE  describing  the  details  of  these  particular 
tests  it  is  desired  to  discuss  briefly  some  of  the 
assumptions    which    are    made    in    arch-brid^ 
design. 

The  hingeless,  reinforced-concrete  arch  rib  is  a 
statically  indeterminate  structure  which  can  be  ana- 
lyzed only  by  considera- 
tion of  the  elastic  prop- 
erties of  the  concrete 
and  steel  of  which  it  is 
constructed.  In  apply- 
ing the  theory  of  elastic 
structures  to  the  anal- 
ysis of  an  arch  rib,  it 
is  assumed  that  the 
modulus  of  elasticity 
of  the  concrete  is  con- 
stant for  all  parts  of 
the  arch  and  at  all 
intensities  of  stress  up 
to  the  working  stress 
for  which  the  arch  is 
designed.  It  is  further 
assumed  that  a  plane 
section  of  the  rib  re- 
mains plane  after  the 
rib  has  been  deformed. 
In  open-spandrel 
arch  construction,  the 
floor  system  is  sup- 
ported by  the  spandrel 
columns  through  which 
the  loads  are  transmit- 
ted to  the  ribs.  In  cur- 
rent design  practice  it 
is  assumed  that  the 
loads  are  distributed 
only  to  adjacent  panel 
points  and  are  applied 
as  vertical  forces  at  the 
points  of  the  rib  at 
which  the  columns  are 
attached,  although  it  is 
apparent   that   a    con- 


STATEMENT  BY  THE  ADVISORY  COMMITTEE' 

TH?r^?TO.CAR0LINA  STATE  HIGHWAY  COMMIS- 
SION built  in  1922,  as  a  Federal-aid  project,  a  3-span  concrete 
arch  bridge  over  the  Yadkin  River,  also  known  as  the  Pee 
Dee  Raver,  between  Albemarle  and  Mount  Gilead.  In  1926  the 
Carolina  Power  &  Light  Co.  began  the  construction  of  a  dam  on  a 
site  about  9  miles  downstream  from  the  bridge.  The  water  of  the 
river^  upon  the  closing  of  the  dam,  was  to  be  backed  up  to  such  a 
height  as  to  submerge  the  bridge  and  necessitate  its  replacement  by 
a  new  bridge  at  a  higher  elevation.  Between  the  time  of  completion 
of  the  new  bridge  and  the  closing  of  the  dam,  a  period  of  several 
months,  the  old  bridge  was  to  be  demolished  so  as  to  offer  no  ob- 
struction to  the  flow  of  water  in  the  river. 

These  circumstances  presented  a  unique  opportunity  to  test  a 
modern,  full-size,  reinforced  concrete  arch  bridge  with  moderately 
long  spans.  In  recent  years  the  popularity  of  the  arch  bridge  has 
increased  greatly  because  of  its  superior  esthetic  value  and,  in  this 
country,  millions  of  dollars  are  spent  annually  on  this  type  of  bridge 
alone.  Consequently,  there  is  a  widespread  tendency  on  the  part 
of  bridge  engineers  to  embrace  any  idea  which  may  lead  to  more 
economical  or  more  satisfactory  arch  design  without  sacrificing 
safety.  In  departing  from  current  practice,  the  judgment  of  the 
engineer  is  based  more  and  more  on  data  developed  by  the  various 
research  agencies  of  the  world. 

The  North  Carolina  State  Highway  Commission,  recognizing  the 
opportunity  to  make  this  test,  and  desiring  to  make  it  as  complete 
as  the  available  time  and  money  permitted,  requested  the  coopera- 
tion of  the  Bureau  of  Public  Roads. 

The  bureau  acceded  to  the  State's  request,  and  the  two  agencies 
then  jointly  issued  to  various  technical  and  scientific  societies  and 
colleges  invitations  to  participate  in  the  experiment  by  appointing 
one  or  more  of  their  members  to  serve  on  an  advisory  committee. ' 
The  purpose  of  this  committee  was  to  formulate  general  plans  for 
the  test,  and,  by  meeting  from  time  to  time,  assist  those  in  active 
charge  in  the  solution  of  problems  which  would  certainly  be  en- 
countered during  the  period  of  the  test,  and  assist  in  interpreting 
the  results.  The  advisory  committee  first  met  in  April,  1927,  and 
formulated  general  plans;  several  meetings  were  held  during  the 
course  of  the  test,  and  at  a  final  meeting  on  November  8, 1928,  this 
report  was  approved  by  the  committee.  Acknowledgments  by 
the  committee  are  given  below.  2 


tinuous  floor  system  distributes  the  loads  to  panels  be- 
yond those  in  which  they  are  applied,  thus  rendering 
indeterminate  the  distribution  of  the  load  to  the  rib. 
The  floor  system  may  be  continuous  or  it  may  be  broken 

1  Membership  of  the  advisory  committee  formed  as  a  result  of  invitations  issued 
by  the  Bureau  of  Public  Roads  and  the  North  Carolina  Highway  Commission  was 
as  follows:  University  of  North  Carolina  represented  by  Dean  G.  M.  Braune;  North 
Carolina  State  College  represented  by  Dean  W.  C.  Riddick;  American  Association 
of  State  Highway  Officials  represented  by  Searcy  B.  Slack,  bridge  engineer  of  the 
Georgia  State  Highway  Board;  American  Society  of  Civil  Engineers  represented  by 
Prof.  Clyde  T.  Morris  of  Ohio  State  University;  American  Railway  Engineering 
Association  represented  by  J.  B.  Hunley,  engineer  of  structures  of  Cleveland,  Cin- 
cinnati, Chicago  &  St.  Louis  Ry.  Co.;  American  Concrete  Institute  represented  by 
A.  B.  Cohen,  consulting  engineer,  New  York,  N.  Y.;  Highway  Research  Board  rep- 
resented by  A.  T.  Goldbeck,  director  of  the  bureau  of  engineering,  National  Crushed 
Stone  Association;  U.  S.  Bureau  of  Standards  represented  by  D.  E.  Parsons, 
associate  engineer;  American  Society  for  Testing  Materials  represented  by  F.  E. 
Schmitt,  editor,  Engineering  News-Record;  U.  S.  Bureau  of  Public  Roads  repre- 
sented by  E.  F.  Kelley  (chairman),  chief,  division  of  tests;  0.  L.  Grover,  principal 
bridge  engineer;  H.  M.  Westergaard,  professor  of  theoretical  and  applied  mechanics, 
University  of  Illinois;  and  L.  W.  Teller,  senior  engineer  of  tests;  North  Carolina 
State  Highway  Commission  represented  by  L.  R.  Ames,  State  highway  engineer; 
Wm.  L.  Craven,  bridge  engineer;  M.  M.  Trumbull,  assistant  bridge  engineer;  and 
E.  H.  Kivett,  engineer  of  tests. 
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by  expansion  joints  at  one  or  more  points.  It  may  be 
rigidly  attached  to  the  tops  of  the  spandrel  columns  or  it 
may  have  movable  bearings  on  the  columns.  In  prac- 
tically all  cases  the  columns  are  integral  with  the  rib 
In  designing,  the  effect  of  the  superstructure  on  the 
deformation   of   the   rib   is   generally   neglected   even 

though  it  is  obvious  that 
this  effect  may  be  of  con- 
siderable importance. 
The  degree  to  which  the 
rib  deformation  is  mod- 
ified by  the  superstruc- 
ture depends  upon  the 
number  of  breaks  in  the 
continuity  of  the  floor 
system,  the  method  of 
connecting  it  to  the  col- 
umns, and  upon  the 
stiffness  of  the  columns. 
Iii  the  case  of  an  arch 
with  the  floor  system 
continuous  over  the 
whole  span  and  rigidly 
attached  to  the  tops  of 
the  columns,  we  have, 
in  fact,  a  fixed,  spandrel 
braced  arch  in  which 
the  diagonals  are  omit- 
ted and  their  functions 
performed  by  the  rigid 
joints  at  the  ends  of  the 
columns.  In  the  case 
of  an  arch  with  expan- 
sion joints  at  each  panel 
point  and  with  the  floor 
system  supported  on  ex- 
pansion bearings,  the 
condition  would  ap- 
proach those  assumed 
in  designing.  Usually 
the  conditions  lie  some- 
where between  these 
two  extreme  cases. 
The  free  rib  is  three 
times  indeterminate  and  the  complete  arch,  in  the 
present  case,  thirty-nine  times  indeterminate. 

2  The  instruments  and  scientific  apparatus  used  in  this  test  were  furnished  by  the 
following  organizations:  The  American  Society  of  Civil  Engineers  and  the  Bureau 
of  Standards  furnished  the  electric  telemeters.  The  Bureau  of  Standards  furnished 
the  Berry  strain  gauges  and  temperature  coils.  The  Bureau  of  Public  Roads  fur- 
nished the  radiusmeter,  weighing  cells,  thermometers  and  deflection  wires.  The 
committee  on  concrete  and  reinforced  concrete  of  the  American  Society  of  Civil 
Engineers  furnished  the  clinometers. 

The  installation  of  instruments  and  making  of  field  observations  were  under  the 
direction  of  G.  W.  Davis  of  the  Bureau  of  Public  Roads,  assisted  by  W.  F.  Hunter 
and  W.  M.  Price  of  the  North  Carolina  Highway  Commission  and  Albin  L.  Gemeny 
and  E.  C.  Sutherland  of  the  Bureau  of  Public  Roads.  The  electric  telemeters  were 
calibrated  and  installed  by  O.  S.  Peters  of  the  Bureau  of  Standards.  All  computations 
were  made  by  W.  F.  Hunter  and  Albin  L.  Gemeny.  The  preliminary  model  analysis 
was  made  by  D.  H.  Overman  of  the  Ohio  State  Highway  Department  under  the  direc- 
tion of  Prof.  Clyde  T.  Morris  of  Ohio  State  University.  The  brass  wire  model  analysis 
was  made  by  G.  W.  Davis  and  E.  C.  Sutherland.  The  final  model  analysis  was  made 
by  Prof.  J.  T.  Thompson  of  Johns  Hopkins  University  and  Albin  L.  Qemeny,  using  a 
model  constructed  by  the  Bureau  of  Public  Roads.  The  bridge  maintenance  depart- 
ment of  the  North  Carolina  Highway  Commission  made  available  one  of  its  forces 
during  the  entire  period  of  the  test  to  do  all  construction  work  and  operate  the  ferry. 
The  foreman  of  this  force  was  J.  P.  Beach  under  the  general  direction  of  C.  B. 
Taylor.  Success  in  the  prosecution  of  the  test  was  due  in  largo  measure  to  the 
enthusiastic  cooperation  of  the  North  Carolina  Highway  Commission  through 
Messrs.  Craven,  Trumbull,  and  Hunter  of  the  bridge  department. 
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PLAN 
Fig.  1. — Details  of  Test  Span 


A  method  of  analyzing  indeterminate  structures, 
developed  comparatively  recently  by  Professor  Beggs, 
of  Princeton  University,  consists  in  studying  the  elastic 
action  of  a  model,  each  member  of  which  is  of  the  same 
relative  stiffness  as  the  corresponding  member  of  the 
structure.  By  the  application  of  the  Maxwell  theorem 
of  reciprocal  deflections,  and  Muller  Breslau's  principle 
that  any  influence  line  is  a  deflection  diagram,  the 
moment,  thrust,  and  shear  at  any  section  may  be 
found  and  the  stresses  computed. 

OBJECTS  OF  THE  TESTS  OUTLINED 

The  North  Carolina  bridge  tests  were  conducted  for 
the  following  specific  purposes: 

(1)  To  compare  the  measured  deformations  of  a  full-size, 
reinforced  concrete  arch  rib  with  the  deformations  as  determined 
by  the  theory  of  elastic  structures,  when  the  rib  carried  loads 
producing  stresses  of  moderate  intensities,  and  was  as  free  as 
practicable  from  the  restraining  action  of  the  superstructure. 

(2)  To  make  the  same  comparisons  when  the  rib  carried  loads 
which  produced  stresses  of  high  intensities. 

(3)  To  determine  the  effect  of  the  superstructure  on  rib  de- 
formations by  comparing  deformations  measured  when  the 
superstructure  was  intact  and  the  measured  and  computed 
deformations  of  the  rib  free  from  restraint  by  the  superstructure.3 

3  Further  references  will  be  made  simply  to  the  "free  rib." 


(4)  To  compare  the  measured  deformations  of  the  rib,  both 
with  and  without  the  restraining  action  of  the  superstructure, 
and  the  deformations  as  determined  from  an  analysis  made  by 
the  use  of  an  elastic  model. 

TEST  BRIDGE  DESCRIBED 

The  test  bridge  consisted  of  three  2-rib  open-spandrel 
arch  spans  of  146  feet  3  inches  clear  span  and  28  feet 
3  inches  rise  with  seven  42-foot  6-inch  deck-girder  ap- 
proach spans  at  each  end.  The  floor  system  of  the 
arches  rested  on  sliding  bearing  plates  at  each  panel 
point.  These  plates  were  found  to  be  badly  corroded 
and  probably  had  ceased  to  function  freely  as  sliding 
bearings.  The  intermediate  arch  piers  below  the 
springing  line  were  of  hollow  construction,  the  hollow 
space  being  filled  with  field  stones.  The  end  arch  piers 
had  buttresses  on  the  shore  side  to  increase  their  resist- 
ance to  overturning  under  the  unbalanced  thrust. 
The  piers  were  founded  on  solid  rock.  Details  of  the 
test  span  are  shown  in  Figure  1. 

The  bridge  was  built  by  contract,  using  cement  and 
reinforcing  steel  furnished  by  the  State  highway 
commission.  The  coarse  aggregate  consisted  of  crushed 
field  stones  found  in  the  vicinity  of  the  bridge  site. 
Inspection  of  the  aggregate  in  cores  taken  from  the 
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bridge  disclosed  several  varieties  of  stone,  all  of  which 
were  apparently  hard,  sound,  and  durable.  The  fine 
aggregate  consisted  of  a  mixture  of  5  parts  of  sand  to  1 
of  stone  screenings.  A  well-known  brand  of  Portland 
cement  was  used. 

The  concrete  for  the  piers  below  the  springing  line 
was  mixed  in  the  proportions  1:2^:5  and,  for  the 
remainder  of  the  bridge,  in  the  proportions  1:2:4. 
Tests  of  6  by  12  inch  cylinders  of  the  1:2:4  concrete 
made  at  28  days  showed  strengths  of  2,140,  1,900, 
1 ,655,  and  1 ,258  pounds  per  square  inch.  Each  of  these 
strengths  is  for  a  single  cylinder  representing  about  50 
cubic  yards  of  rib  concrete  and  are  arranged  in  the 
order  of  location  of  the  batch  from  springing  line  to 
crown.  Inspection  records  do  not  show  clearly  which 
of  the  arch  spans  is  represented  by  these  cylinders. 

The  reinforcing  steel  consisted  principally  of  round, 
deformed  bars  of  intermediate  grade  steel.  Some  of 
the  minor  reinforcing  consisted  of  square,  deformed 
bars.  Tension  tests  on  the  steel  showed  an  average 
yield  point  of  about  48,000  pounds  per  square  inch  and 
an  average  ultimate  strength  of  75,300  pounds  per 
square  inch. 

Cuts  made  in  the  concrete  for  installing  instruments, 
taking  test  specimens  and  destroying  the  continuity  of 
the  superstructure  showed  dense,  hard  concrete  ap- 
parently of  good  quality.  The  steel,  where  the  cover- 
ing of  concrete  was  stripped  off,  showed  clean  surfaces, 
free  from  all  signs  of  corrosion. 

PRELIMINARY  EXPERIMENTS  MADE 

Various  possible  methods  of  measuring  vertical  de- 
flections of  the  rib  and  horizontal  movements  of  piers 
were  considered  and  it  was  decided  to  use  suspended 
wires.  The  wires  for  measurement  of  pier  movements 
were  to  be  fixed  at  the  far  piers  of  the  adjacent  spans 
on  the  assumption  that  temperature  movements  of 
any  point  on  the  wire  would  be  vertical,  the  position  of 
such  point  horizontally  remaining  fixed.  In  order  to 
test  this  assumption,  a  wire  was  stretched  between  two 
firmly  planted  posts  at  the  Arlington  Experiment  Farm 
and  observations  made  of  the  movements  of  a  number 
of  points  fixed  on  the  wire  over  a  period  of  time  during 
which  there  was  a  considerable  change  in  temperature. 
It  was  observed  that  no  appreciable  horizontal  move- 
ments of  the  points  took  place. 

The  deflection  wires  (described  in  detail  on  p.  192) 
were  installed  in  June,  1927.  At  the  same  time  ther- 
mometers were  placed  in  holes  drilled  in  the  ribs  at 
different  distances  from  the  surfaces  of  the  concrete. 
The  holes  were  filled  with  cup  grease  and  closed  with 
corks  through  which  the  stems  of  the  thermometers 
passed.  Temperature  movements  at  the  crown  of  both 
ribs  of  the  center  arch  span  were  observed  daily  over  a 
period  of  several  months.  The  observations  showed  an 
average  movement  of  one-fortieth  of  an  inch  for  a 
change  of  1°  C.  in  average  rib  temperature. 

TANKS  FILLED  WITH  WATER  USED  FOR  TEST  LOADS 

The  test  span  was  loaded  with  tanks  of  water,  filled 
by  pumping  from  the  river.  The  tanks  were  12  feet 
6  inches  wide  by  20  feet  long  and  18  feet  high,  inside 
dimensions,  and  were  built  of  timber  with  structural 
steel  underframes.  The  length  was  such  as  to  permit 
supporting  the  load  at  two  adjacent  panel  points. 
Rollers  were  provided  so  that  the  empty  tanks  could 
be  easily  moved  into  any  desired  position  on  the  bridge. 
After  being  placed  in  position,  the  tanks  were  jacked 


up  and  allowed  to  rest  symmetrically  on  four  bearing 
blocks  located  over  the  center  of  the  columns  at  which 
inn  £?  were,t0  be  applied,  as  shown  in  Figure  2,  page 
190.  the  tanks  were  leveled  by  the  use  of  plumb  bobs 
suspended  at  each  end  and  then  filled  with  water.  The 
tanks  were  moved  while  empty  to  avoid  overstraining 
the  floor  system. 

Force  to  move  the  tanks 
was  applied  by  a  truck 
through  a  block  and  tackle 
arrangement  anchored  to  the 
solid  handrails  on  each  side 
of  the  bridge.  At  ordinary 
temperatures  the  tank  could 
be  rolled  over  the  rock  as- 
phalt surface  of  the  bridge 
floor  but  at  high  tempera- 
tures it  was  necessary  to  use 
plank  runways  to  prevent  the 
rollers  from  sinking  into  the 
asphalt. 

It  was  not  possible  to  weigh  the  tanks  by  ordinary 
methods  and  a  special  weighing  cell  was  used  for  the 
purpose.  This  device  makes  use  of  a  small  copper 
cylinder,  specially  heat-treated  and  of  fixed  size,  which 
when  compressed  under  load,  is  permanently  deformed 
according  to  a  fixed  law. 

The  complete  weighing  cell  consists  of  a  hollow  steel 
cylinder  into  which  a  steel  piston  fits  closely.  On  the 
inside  of  the  cylinder  head  is  a  hardened  steel  face  or 
anvil  with  a  plane,  smooth  surface.  On  the  entering 
end  of  the  piston  is  a  corresponding  hardened  steel 
face.  The  copper  cylinder,  one-half  inch  hi  diameter 
by  one-half  inch  high,  is  placed  on  end  in  the  steel 
cylinder  on  the  smooth  surface  and  the  piston  is  allowed 
to  rest  on  it.  The  load  whose  magnitude  is  desired  is 
then   applied   to   the  piston   and  its   entire  weight  is 


Loading  Tank 


Pumping  Plant  for  Filling  Tanks 

transmitted  to  the  copper  cylinder.  The  length  of  the 
copper  cylinder  is  measured,  with  a  micrometer  caliper 
before  and  after  the  load  is  applied.  The  weight  corre- 
sponding to  the  deformation  of  the  cylinder  is  taken 
from  a  calibration  curve  which  has  been  previously 
determined  in  the  laboratory  for  the  particular  size 
and  quality  of  copper  cylinder  used. 

The  empty  tank  was  weighed  by  placing  a  cell  under 
each  corner  of  one  end  and  two  cells  with  an  equalizer 
under  the  center  of  the  opposite  end.  The  total  weight 
of  the  tank  was  the  sum  of  the  four  weights  indicated 
by  the  cells.  The  weight  of  the  tank  was  also  calculated 
from  the  unit  weights  of  the  timber  determined  by 
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weighing  specimens  of  the  material  used  in  constructing 
the  tanks.  The  weights  determined  by  the  two 
methods  checked  within  1  per  cent.  The  weight  of 
each  empty  tank  was  found  to  be  approximately 
47,000  pounds  and  this  figure  was  used  in  the  computa- 
tions. The  water  capacity  of  each  tank  was  4,500 
cubic  feet,  33,750  gallons,  or  281,250  pounds.  The 
increments  of  water  load  at  each  panel  point  were 
22,750,  45,500,  and  68,250  pounds. 


t 


Details  of  Weighing  Cells 


Two  Weighing  Cells  in  Place  at  One  End  of  Tank 

TESTS  DIVIDED  INTO  THREE  PHASES 

The  test  was  divided  into  three  phases  which,  for 
convenience,  are  designated  as  series  1,  2,  and  3. 

In  series  1  a  single  tank  was  placed  so  as  to  apply  its 
load  at  two  adjacent  panel  points  and  deformations 
observed  over  the  entire  rib  from  springing  line  to 
springing  line  with  the  superstructure  intact.  The 
series  of  loadings  began  at  a  pier  and  continued  suc- 
cessively to  the  crown.  The  tank  was  also  placed  on 
one  of  the  adjacent  spans  in  a  panel  next  to  the  crown, 
and  deformation  readings  were  taken  on  the  span 
under  observation. 

In  series  2,  the  same  procedure  was  followed  except 
that  the  deck  and  railings  were  cut  at  each  panel 
point  and  supported  on  new,  greased  bearing  plates 
so  as  to  destroy,  as  far  as  practicable,  the  continuity 
of  the  floor  system  and  its  restraining  action  at  the 
tops  of  the  columns,  and  the  curtain  wall  near  the 
crown  was  broken  out.  In  this  series,  the  load  at 
panel  points  1  and  2  (fig.  2)  was  omitted  because  of 
the  small  deformations  caused  by  the  load  in  this 
position . 

In  series  3,  two  tanks  were  placed  in  the  position  to 
produce  the  maximum  stress  in  the  rib  and  the  de- 
formations were  measured  as  in  series  1  and  2,  with 
the  superstructure  in  the  same  condition  as  in  series  2. 


Four  increments  of  load  were  applied  at  each  posi- 
tion of  loading:  The  empty  tank,  the  tank  filled  with 
91,000,  182,000,  and  273,000  pounds  of  water. 

In  destroying  the  continuity  of  the  superstructure  for 
series  2  and  3  the  slab,  girders,  and  handrail  over  each 
cross  beam  were  cut  through  with  air  drills  and  the  steel 
severed  with  an  oxyacetylene  flame.  The  ends  of  the 
girders  were  then  jacked  up  and  new,  well-greased  bear- 
ing plates  inserted  at  each  girder  bearing.  The  girder 
ends  on  the  entire  east  half  of  the  span  were  shattered 
by  the  cutting  operation  to  such  an  extent  as  to  make 
the  bearings  on  the  cross  beam  unsafe.  To  relieve 
these  bearings  of  the  tank  loads,  holes  were  cut  through 
the  deck  at  the  panel  points  and  timber  bearing  blocks 
placed  directly  on  the  cross  beams.  In  two  panels 
it  was  thought  necessary  to  support  the  dead  weight 
of  the  floor  system  on  timbering  built  up  from  the  ribs. 
This  was  done  in  such  a  way  that  the  arch  was  not 
stiffened. 

DEFORMATIONS  MEASURED 

In  order  to  measure  completely  the  deformation  of 
the  rib  under  live  load,  the  following  six  measurements 
were  made: 

(1)  Deformations  of  the  concrete  on  the  extrados 
and  the  intrados  at  nine  sections  of  the  rib  spaced  18 
feet  6  inches  apart  along  the  axis. 

(2)  Deformations  of  the  reinforcing  steel  near  the 
springing  lines  and  at  the  crown. 

(3)  Rotation  of  the  arch  axis  at  nine  points  spaced 
18  feet  6  inches  along  the  axis. 

(4)  Deflections  of  the  rib  at  nine  columns,  no  meas- 
urements being  taken  at  the  column  next  to  each  pier. 

(5)  The  change  in  length  of  mid-ordinates  of  each 
of  the  31  consecutive  5-foot  arcs  of  the  axis. 


Two  Tanks  in  Position  for  Series  3 


Scaffold  From  Which  Observations  Were  Made 
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Cutting  Through  the  Floor  System  at  a  Panel  Point 
to   Destroy  Continuity 


4*ft  1 


Cut  Through  Handrail,  Curb,  and  Floor 

(6)  Rotation  and  horizontal  movements  of  the  piers. 

The  locations  of  the  instruments  are  shown  in  Figure 
2.  It  was  decided  that  deformations  under  load 
should  be  measured  only  on  the  north  rib  of  the  middle 
arch  span.  This  span,  including  the  piers,  was  sym- 
metrical; the  north  rib  was  somewhat  protected  from 
the  direct  rays  of  the  sun  except  in  the  early  morning 
and  was,  therefore  subject  to  more  uniform  tempera- 
ture conditions  than  the  south  rib. 

measuring  instruments  described 

telemeters  used  to  measure   deformations   of   concrete 
and  steel 

Deformations  of  the  concrete  at  the  extrados  and 
intrados  and  deformations  of  the  steel  were  measured 
by   means    of   McCullom-Peters    electric    telemeters.4 

4  For  a  complete  description  of  the  McCullom-Peters  electric  telemeter  see  Tech- 
nologic Paper  No.  247  of  the  Bureau  of  Standards  entitled  "A  New  Electric  Tele- 
meter," by  Burton  McCullom,  and  O.  S.  Peters. 


Ihe  electric  telemeter  consists  of  a  stack  of  carbon 
disks  held  under  pressure.  A  change  of  length  of  the 
stack  is  accompanied  by  a  change  of  pressure  and 
electrical  resistance,  the  stack  of  disks  acting  as  an 
elastic  body.  Suitable  terminal  pieces  or  mountings 
lor  the  stack  are  supplied  which  can  be  attached  to  a 
structural  member  at  two  points  spaced  some  distance 
apart.  Changes  in  length  between  these  points  will 
change  the  length  of  the  stack  and  also  the  electrical 
resistance  which  can  readily  be  measured  at  any  con- 
venient point  by  running  wires  from  the  terminals  of 
the  carbon  resistor  to  a  suitable  measuring  instrument. 


Telemeters  Secured  to  Concrete   and   Reinforcing 
Steel  On  the  Extrados  Near  the  Springing  Line 


Central  Station  in  Pier  Where  Telemeter  Readings 
Were  Taken 

The  2-element  type  of  telemeter  with  8-inch  gauge 
length  was  used  in  these  tests.  The  terminals  wen- 
fixed  to  the  concrete  by  means  of  screws  threading 
into  steel  plugs  which  were  grouted  in  the  concrete. 
Telemeters  were  placed  on  the  steel  by  stripping  off 
about  a  foot  of  the  concrete  cover,  drilling  into  the 
steel  and  attaching  the  instrument. 
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Instruments  were  placed  on  the  concrete  at  the  in- 
trados  and  extrados  at  each  of  nine  normal  sections 
of  the  rib  which  were  spaced  18  feet  6  inches  along  the 
axis  and  also  on  the  steel  in  the  intrados  and  extrados 
near  the  two  springing  lines  and  at  the  crown.  Wires 
were  carried  from  each  of  the  instruments  to  a  Wheat- 
stone  bridge  in  the  east  pier  of  the  center  span  of  the 
arch  where  the  resistances  were  read.  The  Wheat- 
stone  bridge  was  energized  by  a  6-volt  battery  and  the 
current  was  kept  constant  by  a  variable  resistance 
coil. 

It  was  found  necessary  to  make  temperature  correc- 
tions for  the  instruments.  This  was  first  attempted 
in  series  1  by  removing  two  of  the  instruments  from 
the  steel  and  placing  them  on  members  of  the  bridge 
which  were  not  subjected  to  direct  stress,  one  at  the 
crown  and  one  at  the  springing  line.  The  readings 
on  these  neutral  telemeters  were  used  as  corrections 
for  the  stress-measuring  telemeters  which  were  divided 
into  two  groups,  each  having  temperature  conditions 
apparently  the  same  as  those  of  one  of  the  neutral 
telemeters.  Recognizing  the  possibility  of  inaccuracy 
in  this  assumption,  it  was  decided  to  use  a  more  accurate 
method  in  series  2  and  3.  A  pair  of  resistance-coil 
thermometers  was  placed  at  each  of  the  telemeters  for 
measuring  deformations  of  concrete,  one  embedded 
in  the  concrete  near  the  instrument  and  the  other 
fixed  to  the  instrument  itself.  Wires  were  carried 
from  the  coils  to  a  measuring  instrument  in  the  pier 
where  the  resistances  were  read  each  time  a  set  of 
readings  was  taken  on  the  telemeters.  The  difference 
in  temperature  between  the  instrument  and  the  con- 
crete, multiplied  by  the  thermal  coefficient  of  expansion 
of  the  metal  of  the  instrument  was  applied  as  a  correc- 
tion to  the  unit  deformation  calculated  from  the  direct 
reading  on  the  telemeter. 

The  method  of  making  this  correction  is  illustrated 
by  the  following  example.  The  telemeter  considered 
is  12 A,  located  on  the  extrados  near  the  springing  line. 
The  empty  tank  was  placed  at  panel  points  2  and  3. 
It  is  desired  to  measure  the  stress  produced  by  the 
weight  of  water  in  the  full  tank. 


Resistance  reading  with  empty  tank=13.1  ohms,  in  this  case 
indicating  tension. 

Tension  calibration  factor  for  telemeter  12 A= 0.0000222  inch 
per  inch  per  ohm. 

Telemeter  reading  =  0.0000222  X  13.1  =  0.0002910  inch  per  inch 
elongation. 

The  resistance  coil  thermometers  indicated  that  the  tempera- 
ture of  the  telemeter  was  3°  C.  lower  than  that  of  the  concrete 
thereby  increasing  the  tension  reading  due  to  deformation  of 

tVip   p nncrptp 

Correction  due  to  temperature  =  0.0000110X3  =  0.0000330 
inch  per  inch  elongation. 

Corrected  reading  =  0.0002580  inch  per  inch  elongation. 

This  process  is  repeated  with  the  tank  full  and  the  result  is 
0.0005018  inch  per  inch  elongation. 

The  difference  between  corrected  readings  for  empty  and  full 
tank  =  0.0005018 -0.0002580  =  0.0002438  inch  per  inch. 

Stress  produced  by  added  load= 0.0002438X4,000,000=  975.2 
pounds  per  square  inch. 

In  the  above  calculation  the  thermal  coefficient  of 
expansion  of  the  metal  of  the  instrument  is  0.0000110 
per  degree  centigrade  and  it  is  assumed  to  be  approxi- 
mately the  same  for  the  concrete.  The  same  process 
was  used  for  deformations  of  the  reinforcing  steel  which 
was  considered  as  taking  the  temperature  of  the  sur- 
rounding concrete  since  only  a  small  surface  was 
exposed  to  the  air. 

When  the  resistance  coils  were  installed,  two  were 
placed  at  the  neutral  telemeter  at  the  crown  in  order 


to  find  the  relation  between  the  temperature  correc- 
tions as  determined  by  the  neutral  telemeters  and  by 
the  resistance  coils.  It  would  have  been  desirable  to 
have  placed  coils  at  the  neutral  telemeter  at  the 
springing  line  but  none  was  left  for  this  purpose.  It 
was  found  that  the  difference  in  temperature  between 
the  neutral  telemeter  at  the  crown  and  the  adjacent 
concrete  changed  by  about  the  same  amount  as  in 
the  case  of  the  instruments  on  the  rib,  although  the 
actual  temperatures  varied  from  point  to  point  of  the 
rib.  It  was,  therefore,  decided  that  the  reading  on 
this  one  neutral  telemeter  would  be  a  more  accurate 
correction  than  that  which  had  been  determined  by 
grouping  the  telemeters.  All  of  the  stress  curves  of 
series  1  are,  accordingly,  based  on  telemeter  readings 
corrected  in  this  manner. 

When  it  was  found  necessary  to  correct  the  telemeter 
readings  for  temperature  it  was  decided  to  attempt 
check  measurements  with  a  20-inch  Berry  strain  gauge. 
Because  of  the  small  strains  to  be  measured  and 
physical  obstacles  to  careful  manipulation  of  the  gauge, 
the  results  were  not  satisfactory. 


Clinometer  for  Measuring  Rotation  of  Arch  Axis 


Taking  a  Rotation  Measurement  with  a  Clinometer 
measurement  of  rotation  of  arch  axis 

The  rotations  of  the  arch  axis  were  measured  by 
means  of  a  clinometer  or  level  bar.  The  clinometer 
consists  of  a  square  bar  of  steel  supported  horizontally 
on  two  pointed  steel  legs  set  vertically  and  spaced  20 
inches  apart.  One  of  these  legs  is  fixed  while  the  other 
is  adjustable  vertically  by  a  fine  screw  thread  and 
hand  nut.  The  amount  of  vertical  adjustment  neces- 
sary to  level  the  bar  is  indicated  by  a  suitable  microm- 
eter dial  in  contact  with  the  adjustable  leg.  A  sensi- 
tive level  bubble  is  placed  horizontally  on  the  upper 
face  of  the  steel  bar. 


192 


PUBLIC    ROADS 


Vol.  9,  No.  10 


Two  steel  plugs  containing  gauge  holes  were  grouted 
in  the  inner  side  of  the  rib  in  such  a  manner  that  they 
were  20  inches  apart  and  approximately  in  the  same 
horizontal  plane  and  the  line  between  the  gauge  holes 
was  bisected  by  a  plane  normal  to  the  axis  at  the 
point  at  which  it  was  desired  to  measure  the  rotation. 
To  measure  the  rotation  under  any  increment  of  load, 
the  points  of  the  clinometer  were  placed  in  the  gauge 
holes  of  the  plugs  and  the  level  bubble  brought  to  the 
center  of  the  bubble  tube  by  use  of  the  adjusting  screw 
and*  the  micrometer  dial  read.  After  the  load  was 
applied,  another  reading  was  taken.  The  difference  in 
the  two  readings  was  the  relative  vertical  movement 
of  the  two  plugs  in  thousandths  of  an  inch,  and  this 
change  in  relative  elevation  divided  by  the  gauge  length 
gave  the  rotation  in  radians. 
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The  Radiusmeter 
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in  the  distance  between  the  points.  Midway  between 
these  points  and  on  the  side  of  the  tube  opposite  to 
that  to  which  the  points  are  attached  a  micrometer 
dial,  reading  to  one  ten-thousandth  of  an  inch,  is 
mounted.  The  dial  stem  is  provided  with  an  extension 
passing  through  a  clearance  hole  in  the  tube.  This 
tube  is  encased  in  a  larger  tube,  to  which  it  is  attached 
only  at  the  support  points,  so  that,  in  manipulating 
the  instrument,  no  force  can  be  applied  to  the  inner 
tube  which  would  deflect  it  and  affect  the  readings  on 
the  dial.  The  readings  in  series  1  were  taken  with  the 
stem  extension  free  to  bend  a  small  amount  laterally. 
It  was  found  that  this  lateral  movement  of  the  stem 
extension  gave  appreciable  readings  on  the  dial,  and 
in  series  2,  a  close-fitting  sleeve  bearing  was  provided 
for  the  extension  so  as  to  prevent  lateral  movement. 

Round  steel  plugs  containing  gauge  holes  were 
grouted  into  the  inner  side  of  the  rib  on  the  axis  so  as 
to  mark  off  consecutive  5-foot  chords.  Midway 
between  each  pair  of  these  plugs  a  square  plug  was 
grouted  into  the  rib  so  that  its  upper  surface  and  the 
line  between  the  gauge  holes  were  in  parallel  planes 
normal  to  the  face  of  the  rib.  In  measuring  mid- 
ordinate  changes,  the  two  steel  points  of  the  instrument 
were  set  in  the  gauge  holes  of  a  pair  of  plugs  and  the 
stem  extension  of  the  dial  was  allowed  to  rest  on  the 
square  plug.  On  the  back  of  the  dial  case  was  an 
arm  which  rested  against  the  side  of  the  rib  and  main- 
tained the  dial  in  a  plane  parallel  to  and  at  a  constant 
distance  from  the  face  of  the  rib.  The  difference 
between  readings  before  and  after  the  application  of 
the  load  gave  the  change  in  mid-ordinate. 


Measuring  a  Mid-Ordinate  with  the  Radiusmeter 

rib  deflections 

Deflections  of  the  rib  were  measured  from  a  wire 
stretched  between  the  tops  of  the  piers,  over  the  cen- 
ters of  the  spandrel  columns.  This  wire  was  fixed  at 
one  end  and  passed  over  a  pulley  at  the  other  end  and 
had  attached  a  weight  of  about  100  pounds  for  the 
purpose  of  maintaining  a  constant  tension  and  thus  a 
constant  sag  in  the  wire.  Small  metal  plates  contain- 
ing gauge  holes  were  fixed  in  the  tops  of  the  columns 
directly  under  the  wire.  Deflections  were  measured 
with  a  scale  graduated  to  fortieths  of  an  inch  and  pro- 
vided with  a  pointed  metal  shoe  which  was  placed  in  the 
gauge  holes  in  the  plates.  Measurements  were  made 
before  loading  and  after  each  increment  of  load. 

measurement  of  mid-ordinates  of  chords 

Changes  in  length  of  the  mid-ordinates  of  5-foot 
chord  lengths  of  the  axis  were  measured  with  a  radius 
meter.  The  radius  meter  consists  of  a  steel  tube  to 
which  is  attached  two  hardened  steel  points  set  at 
right  angles  to  the  axis  of  the  tube  and  5  feet  apart. 
One  of  these  points  is  rigidly  fixed  to  the  tube  and  the 
other  has  a  flexible  joint  permitting  a  slight  variation 


Clinometer  and   Radiusmeter  Gauge  Plugs  in   Inner 
Face  of  Rib 

measurement  of  pier  movement 

Provision  was  made  for  measuring  pier  movements  in 
two  ways.  Clinometer  plugs  were  placed  on  top  of 
each  end  of  each  pier  and  on  a  line  parallel  to  the  axis 
of  the  bridge.  Readings  on  these  points  gave  rotations 
of  the  top  of  the  pier  but  not  displacements  parallel 
to  the  bridge  axis.  Provision  for  measuring  these 
displacements  was  made  by  stretching  two  wires  on 
each  side  of  the  bridge  fixed  to  points  on  the  far  piers 
of  the  spans  adjacent  to  that  being  loaded.  The 
wires  were  stretched  so  that  they  just  cleared  the  ends 
of  the  piers  and  each  pair  of  wires  was  spaced  5  feet 
apart  vertically.  Metal  gauge  plugs  were  fixed  in 
the  piers  opposite  a  copper  reference  mark  fixed  to 
each  wire.  Horizontal  movement  of  the  points  on 
the  piers  with  reference  to  the  fixed  points  on  the 
wires  were  measured  with  a  scale.  Differences  of 
movements  of  the  upper  and  lower  points  on  the  piers 
gave  an  additional  measure  of  the  pier  rotation. 
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MODULUS  OF  ELASTICITY  OF  THE  CONCRETE  DETERMINED 

In  order  to  determine  the  modulus  of  elasticity  of 
the  concrete  for  use  in  the  preliminary  computations, 
one  specimen  was  cut  from  a  curtain  wall  in  each  pier 
of  the  span  under  observation.  Two  6  by  12  inch 
cylinders  were  drilled  from  each  of  these  specimens 
and  tested.  Compression  tests  gave  an  average  value 
of  4,500,000  pounds  per  square  inch  for  the  modulus 
of  elasticity.  These  specimens  were  taken  from  an 
unimportant  part  of  the  structure  which  was  not  under 
stress  and  it  was  thought  advisable  to  make  further 
determinations  of  this  value. 

A  more  representative  value  of  the  modulus  of  elas- 
ticity was  obtained  after  the  completion  of  the  field 
observations.  Specimen  blocks  were  taken  from  the 
rib  at  the  sections  where  the  telemeters  had  been 
attached.  Nine  of  the  specimens  were  taken  with  the 
intention  of  drilling  two  test  cylinders  from  each  block. 
Because  of  defects  in  the  specimens  only  seven  suitable 
test  cylinders  were  obtained.  These  cylinders  were  6 
inches  in  diameter  with  an  average  length  of  10  inches. 

The  stress-strain  curves  obtained  with  a  mirror  exten- 
someter  of  the  Martens  type  5  are  shown  in  Figure  3. 
The  curves  show  an  average  value  of  the  proportional 
limit  of  1,111  pounds  per  square  inch,  an  average  ulti- 
mate strength  of  4,293  pounds  per  square  inch  and  an 
average  modulus  of  elasticity  of  3,930,000  pounds  per 
square  inch. 


A  tabulation  of  the  ordinates  of  the  influence  lines 
thus  computed  is  shown  in  Table  1.  From  these 
influence  lines  moment  diagrams  were  drawn  and 
stresses,  rotations,  deflections,  and  mid-ordinate 
changes  were  computed. 


MODEL  ANALYSES  MADE 


A  preliminary  analysis  was  made  with  Beggs  deform- 
eter  gauges  using  a  paper  model.  This  analysis  was 
not  complete  owing  to  the  difficulty  of  placing  the 
gauges  on  the  rib  in  panels  near  the  crown,  where  the 
superstructure  interfered  with  the  placing  of  the  plugs 
used  to  produce  displacements  in  the  model. 

Next  an  attempt  was  made  to  analyze  the  arch  by 
the  use  of  a  brass  wire  model,  applying  the  principles 
used  in  the  Beggs  method.  The  thrust,  shear,  and 
moment  at  the  end  were  accurately  determined  by 
displacing  the  brass  plates  used  to  represent  the  piers. 
However,  when  an  effort  was  made  to  produce  displace- 
ments near  the  piers  and  crown  with  the  piers  fixed, 
difficulty  was  experienced  in  getting  sufficiently  large 
deflections  to  be  accurately  measured  by  the  means 
used  because  of  the  stiffness  of  the  model.6 

The  results  of  the  above  analyses  were  finally  dis- 
carded and  an  analysis  was  made  with  the  Beggs  gauges 
and  a  model  cut  from  sheet  celluloid  0.08  inch  thick. 
This  model  included  the  two  spans  adjacent  to  the 
span  under  observation.     It  was  first  analyzed  with 


MATHEMATICAL  ANALYSIS  MADE  OF  THE  FREE  RIB 

Field  measurements  were  taken  of  the  dimensions  of 
the  arch  rib.  The  rib  was  analyzed  by  dividing  the 
span  into  20  equal  horizontal  divisions  and  applying 
the  theory  of  elastic  structures  by  the  method  of  sum- 
mations. It  was  assumed  that  the  superstructure  pro- 
duced no  effect  on  the  deformation  of  the  rib  other  than 
the  effect  as  dead  load.  Since  field  observations 
showed  no  measurable  movements  of  the  piers,  a  con- 
dition of  perfect  fixity  of  the  rib  at  the  springing  fines 
was  assumed. 

A  value  of  4,000,000  pounds  per  square  inch  was  used 
for  the  modulus  of  elasticity  of  concrete  and  30,000,000 
pounds  per  square  inch  for  that  of  steel  which  resulted 
in  a  value  of  7.5  for  n  in  the  beam  and  column  formulas. 
The  coefficient  of  expansion  for  concrete  was  taken  as 
0.00001  per  degree  centigrade. 

Table  1. — Calculated  horizontal  thrusts,  vertical  shears,  and 
moments  at  the  springing  line,  and  calculated  moments  at  the 
telemeter  points  for  unit  loads  of  1  pound  at  the  columns  ' 


Load  at  column 

He 

V„ 

Mo 

Ma 

Mb 

Mc 

Ma 

M. 

1... 

Pounds 

0.082 

.349 

.720 

1.132 

1.434 

1.550 

1.434 

1.132 

.720 

.349 

.082 

Pounds 
0.990 
.953 
.885 
.779 
.650 
.500 
.350 
.221 
.115 
.047 
.010 

Ft.-lbs. 

-9.35 

-12.86 

-11.11 

-5.38 

+1.60 

+7.75 

+10.  96 

+10.  80 

+7.90 

+4.10 

+1.01 

Ft.-lbs. 
-6.04 
-10.32 
-9.80 
-5.50 

+.20 
+5.46 
+8.51 
+8.61 
+6.30 
+3.40 

+.83 

Ft.-lbs. 

+1.31 

+1.59 

-2.57 

-3.88 

-3.05 

-1.29 

+.45 

+1.37 

+1.40 

+.85 

+.25 

Ft.-lbs. 
+0.  57 
+2.79 
+6.92 
+1.55 
-1.82 
-3.41 
-3.48 
-2.69 
-1.60 
—.71 
-.17 

Ft.-lbs. 
+0.09 

+.48 
+1.85 
+4.90 
+4.  01 

-.75 
-3.03 
-3.35 
-2.50 
-1.28 

-.32 

Ft.-lbs. 
-0.25 

2 

-.84 

3... 

-1.28 

4 

-.73 

5... 

+1.56 

6. 

+6.42 

5'... 

+1.56 

4' 

-.73 

3' 

-1.28 

2'... 

-.84 

1' 

-.25 

1  Letters  a,  b,  c,  d,  and  e  designate  the  points  along  the  axis  at  which  the  telemeters 
were  attached  to  the  rib,  the  point  a  being  near  the  springing  line  and  the  others  in 
order  toward  the  crown  where  the  point  e  is  located. 

8  For  a  complete  description  of  the  mirror  extensometer  see  Handbook  of  Testing 
materials  by  Adolph  Martens,  Pt.  I,  vol.  1,  pp.  67  to  76. 
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«  A  description  of  this  method  applied  to  end  conditions  for  statically  mdeterm mate 
frames  may  be  found  in  an  article  entitled  ' '  Brass  Wire  Models  Used  to  Solve  Inde- 
terminate Structures"  by  A.  Bull,  Engineering  News-Record,  Dec.  8,  1927. 
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the  columns  integral  with  the  floor  system  but  with 
cuts  in  the  deck  at  sections  corresponding  to  the 
expansion  joints  in  the  actual  structure.  Influence 
lines  for  thrust,  shear,  and  moment  were  determined 
in  each  panel  at  sections  of  the  model  corresponding  as 
nearly  as  practicable  to  the  sections  of  the  rib  at  which 
the  telemeters  were  placed. 

Then  the  model  was  modified  in  an  effort  to  simulate 
the  condition  of  fixity  which  obtained  at  the  tops  of 
the  columns  in  the  test  bridge.  The  floor  system  was 
cut  loose  from  the  columns  and  connected  again  by 
welding  flexible  webs  of  celluloid  across  the  cuts.  The 
size  of  these  connecting  pieces  was  arbitrarily  chosen 
as  there  was  no  means  of  determining  the  flexibility 
which  would  produce  the  same  degree  of  fixity  as  that 
existing  in  the  bridge.  The  analysis  was  repeated 
with  the  model  in  this  condition.  The  entire  super- 
structure was  next  removed  and  the  analysis  made  on 
the  free  rib.  For  convenient  reference,  the  analyses 
with  the  model  in  the  three  foregoing  conditions  are 
designated  as  A,  B,  and  C,  respectively.  A  complete 
description  of  this  analysis,  with  detailed  results,  will 
appear  in  an  early  issue  of  Public  Roads. 

From  the  influence  lines  thus  determined,  the  moment 
diagrams  for  all  conditions  of  loading  were  drawn.  In 
cases  A  and  B,  moments  were  calculated  at  each  side  of 
each  column  and  at  the  springing  line.  Rotations  were 
determined  from  these  moment  diagrams. 

Stresses  were  computed  on  the  extrados  and  intrados 
at  each  telemeter  point. 

COMPUTED  AND  MEASURED  DEFORMATIONS  COMPARED 

The  loading  of  the  bridge  was  begun  in  September, 
1927,  and  observations  were  taken  day  and  night  until 
December,  1927,  with  only  two  interruptions;  one 
when  the  ferry  broke  down  and  the  loading  tanks  had  to 
be  moved  from  the  bridge  to  allow  traffic  to  pass,  and 
the  other  during  the  time  required  to  cut  the  deck  in 
preparation  for  series  2  and  3  loadings.  Night  as  well  as 
day  observations  were  made  so  as  to  take  advantage  of 
the  more  uniform  atmospheric  conditions  at  night. 

The  data  were  compiled  and  compared  as  soon  as 
they  were  observed.  In  this  way  any  obviously  incon- 
sistent data  were  discovered  and  those  due  to  instru- 
mental imperfections  were  eliminated  as  far  as  prac- 
ticable. 

The  computed  and  measured  results  are  compared 
by  means  of  charts  showing  the  deformations  of  the 
rib  for  the  conditions  of  continuity  of  superstructure 
and  positions  of  load  as  described  above.  This  com- 
parison is  made  for  deformations  as  measured  by  fiber 
stresses,  rotations  of  axis,  deflections,  and  changes  in 
lengths  of  mid-ordinates  of  5-foot  arcs  of  the  axis.  In 
addition,  the  measured  and  theoretical  stresses  and  rota- 
tions are  compared  with  values  computed  from  the 
results  of  the  analysis  of  the  structure  with  the  Beggs 
deformeter  gauges. 

A  full  tank  load  on  an  adjacent  span  produced  no 
measurable  deformations  in  the  span  under  observa- 
tion and  no  measurable  pier  movement  occurred  during 
the  test.  Therefore,  all  computed  results  are  based  on 
fixity  of  the  rib  at  the  pier.  All  deformation  curves 
are  plotted  with  abscissas  measured  along  the  axis  of 
the  rib. 

The  deformations  are  shown  for  loads  exclusive  of 
the  weight  of  the  tank.  In  this  manner,  the  effects  of 
temperature   changes  are  reduced  to  a  minimum  in 
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with  Deck  Intact  (series  1) 


making  comparisons.  The  tank  was  placed  in  position 
and  a  set  of  readings  taken  on  all  instruments.  Then 
loads  of  91,000,  182,000,  and  273,000  pounds  of  water 
were  pumped  into  the  tank,  readings  being  taken  at 
the  completion  of  each  increment.  Thus,  the  total 
elapsed  time  between  the  first  and  last  readings  for 
any  position  of  the  load  was  about  four  hours. 

The  temperature  changes  during  this  period  were 
generally  very  slight,  whereas,  if  the  comparisons  had 
been  made  from  zero  readings,  a  period  of  as  much  as  a 
week  would  sometimes  have  elapsed  between  readings 
in  the  same  set,  with  the  probablity  of  considerable 
temperature  changes.  Only  results  for  the  maximum 
panel-point  loads  of  68,250  pounds  are  shown  in  the 
cases  of  stresses  and  mid-ordinate  change  because  ot 
the  difficulty  of  accurately  measuring  the  deformations 
resulting  from  the  smaller  increments  of  load.  Defor- 
mations for  all  three  increments  of  load  are  shown  on 
the  rotation  and  deflection  curves. 

STRESSES  IN  THE  CONCRETE  AT  THE  EXTRADOS  AND  INTRADOS 
OF   I  Hfc  Klti 

The  stresses  on  the  intrados  and  extrados  are  plotted 
separately  and  at  normal  sections  of  the  rib  18  feet  6 
inches  apart  along  the  axis  of  the  rib  for  each  position 
of  the  load  and  condition  of  supersl  ructure. 

Figures  4  to  6  are  for  series  1,  in  which  the  super- 
structure   was    intact.      The    stress    values    through 
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Fig.  9. — Comparison  of  Measured  Stresses  in  Arch 
Rib  Under  1-Tank  Loading  with  Deck  Intact 
(series  1)  and  Model  Analysis  B 

which  the  full  lines  are  drawn  are  the  averages  for  the 
several  sets  of  readings.  Each  of  the  values  from  which 
the  average  was  derived  is  shown  by  a  distinctive 
symbol.  The  computed  values  through  which  the 
broken  lines  are  drawn  are  based  on  the  assumptions 
that  the  rib  is  free  from  restraint  by  the  superstructure 
and  that  the  concrete  takes  tension,  the  steel  taking 
only  its  proportionate  share.  As  will  be  shown  later 
in  discussing  series  2,  the  compressive  stresses  calcu- 
lated on  the  latter  assumption  are  closer  to  the  measured 
stresses  than  those  based  on  the  assumption  that  the 
concrete  takes  no  tension,  even  when  the  tension  is 
high  enough  to  produce  a  visible  crack  on  the  tension 
side  of  the  rib. 

The  straight  lines  drawn  between  the  stress  values 
are  not  intended  to  represent  the  manner  in  which  the 
stress  changes  between  the  plotted  points  but  are 
intended  solely  to  aid  in  following  the  points  through 
the  chart. 

Stresses  derived  from  the  model  analysis,  for  the 
two  conditions  of  column  fixity,  A,  and  B,  are  also 
shown  on  the  charts.  Figures  7,  8,  and  9  show^  a 
comparison  of  the  average  measured  stresses  for  series 
1  and  the  stresses  derived  from  model  analysis  B. 
These  charts  afford  an  indication  of  the  effect  of  the 
superstructure  on  the  stresses  produced  in  the  rib,  as 
well  an  an  indication  of  the  accuracy  with  which  the 
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stresses  may  be  deduced  from  an  analysis  by  the  use  of 
a  model. 

These  charts  indicate  that,  in  general,  the  rib  stresses 
with  structure  intact  are  less  in  maximum  value  than  the 
computed  stresses  for  the  unrestrained  rib  and  that  the 
stresses  calculated  from  the  model  analysis  with  the  two 
assumed  conditions  of  fixity  of  the  tops  of  the  columns 
are  less  than  the  measured  stresses.  There  is  a  closer 
agreement  between  measured  stresses  and  those  obtained 
by  the  model  analysis  than  between  the  measured 
stresses  and  those  computed  for  the  unrestrained  rib. 
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Fig.  11. — Stresses  in  Arch  Rib  Under  1-Tank  Loading 
with  Deck  Cut  (series  2) 

It  may  be  observed  that,  for  model  condition  B 
(see  p.  194),  the  stresses,  in  general,  check  the  measured 
stresses  closely,  while  those  for  model  condition  A  are 
somewhat  lower,  particularly  for  maximum  stresses. 
It  must  be  said,  however,  that  this  check  is  more  or 
less  accidental  since  the  size  of  the  connection  between 
the  floor  and  columns  in  model  B  was  arbitrarily  se- 
lected. The  stresses  for  conditions  A  and  B  differ  most 
in  the  regions  of  maximum  stress.  It  will  be  noticed 
that,  at  some  points  of  low  stress,  the  model  results  for 
condition  A  check  the  measured  results  more  closely 
than  for  condition  B.  The  rotation  curves  (to  be 
discussed  later),  will  show  these  relations  more 
clearly. 

When  the  load  was  placed  on  columns  5  and  6  in 
series  1,  a  crack  occurred  on  the  intrados  of  the  rib 
between  the  points  of  attachment  of  telemeter  No.  11. 
In  series  2  and  3  this  telemeter  was  removed  from  the 
rib  and  no  stresses  are  shown  at  this  point  on  the  charts. 

Figures  10  to  13  show  stress  values  for  series  2  in 
which  the  continuity  of  the  deck  had  been  destroyed 
by  cutting  through  the  floor  system  and  inserting  new 
bearing  plates.  The  stresses  in  this  series  are  plotted 
in  the  same  manner  as  in  series  1,  and,  in  addition, 
where  tensile  stresses  exist,  the  compressive  stresses  on 
the  opposite  side  of  the  rib  are  calculated  on  the  assump- 
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-Stresses  in  Arch  Rib  Under  1-Tank  Loading 
with  Deck  Cut  (series  2) 


tion  that  the  concrete  takes  no  tension.  These  latter 
values  are  indicated  by  open  circles. 

Agreement  between  the  measured  and  computed 
results  is  much  closer  than  in  series  1,  becoming  closer 
as  the  load  moves  toward  the  crown  and  the  deflection 
becomes  greater.  It  is  also  noted  that  the  agreement 
between  the  measured  and  computed  results  is  much 
closer  when  it  is  assumed  that  the  concrete  takes 
tension.  The  measured  stresses  were  nearly  always 
less  than  the  computed  stresses.  The  results  from  the 
model  analysis  of  the  free  rib  check  the  computed  re- 
sults very  closely. 

Figure  14  shows  the  stresses  for  series  3  in  which  the 
deck  was  cut  and  two  tank  loads  placed  so  as  to  produce 
maximum  stress  at  the  springing  line.  The  agreement 
between   measured    and    theoretical   stresses   is  again 
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-Stresses  in  Arch  Rib  Under  1-Tank  Loading 
with  Deck  Cut  (series  2) 


close.  In  this  series  a  visible  crack  occurred  at  the 
springing  line,  extending  over  four-fifths  of  the  depth 
of  the  rib.  Nevertheless,  there  is  still  a  much  closer 
agreement  between  the  computed  and  measured  com- 
pressive stresses  when  the  former  are  calculated  on  the 
assumption  that  the  concrete  takes  tension. 

Loads  of  68,250  pounds  at  columns  1,  2,  3,  and  4 
produced  a  measured  compressive  stress  of  about 
1,600  pounds  per  square  inch  in  the  concrete  of  the 
intrados  at  the  springing  line.  When  this  measured 
stress  is  combined  with  the  computed  stress  due  to  the 
weight  of  the  tank,  dead  load,  shrinkage,  and  tempera- 
ture, the  stress  is  increased  to  a  value  of  about  3,000 
pounds  per  square  inch.  Such  high  stresses  over  a  short 
length  of  the  rib  apparently  do  not  affect  the  general 
relation  of  computed  to  measured  stress,  although,  as 
will  be  seen  later,  the  rotations  and  deflections  are 
measurably  increased  in  series  3. 

Figures  15  to  18  present  a  comparison  of  measured 
stresses  of  series  1  and  2,  the  difference  between  the 
two  showing  the  effect  of  the  superstructure.  It  is 
seen  that  the  stresses  for  series  1  are  practically  always 
less  than  series  2  at  the  maximum  values.  The  difference 
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Fig.  14. — Stresses  in  Arch  Rib  Under  2-Tank  Loading 
with  Deck  Cut  (series  3) 

increases  as  the  load  moves  from  the  springing  line  to 
crown  and  is  greatest  when  the  loads  are  near  the  crown. 
It  was  observed  in  series  2  that  the  measured  stresses 
were  nearly  always  somewhat  less  than  the  computed. 
Figures  19  and  20  are  intended  to  show  variations  in 
stress  at  the  respective  telemeter  points  as  the  load 
moves  from  pier  to  pier.  Stresses  are  shown  as  ob- 
served and  as  calculated  theoretically.  The  curves 
for  measured  values  are  mean  curves,  the  diagram 
showing  each  point  from  which  the  mean  is  derived. 
In  calculating  the  averages  several  obviously  erratic 
values  were  discarded  but  all  values  are  plotted  on  the 
diagrams.  The  points  at  which  the  stresses  are  plotted 
are  located  at  the  centers  of  gravity  of  the  loads  or 
midway  between  the  columns  on  which  the  loads  were 
placed.  The  curves  are  plotted  on  the  assumption 
that  the  rib  is  symmetrical  and  the  materials  are 
homogeneous  and  that,  therefore,  a  load  placed  at  any 
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Fig.  15. — Comparison  of  Stresses  in  Arch  Rib  Under 
1-Tank  Loading  with  Deck  Intact,  (series  1)  and 
with  Deck  Cut  (series  2) 

Table  2. — Observed  and  computed  stresses  in  steel  in  series  2  l 
[Load:  68,250  pounds  per  column.    #,  =  30,000,000  pounds  per  square  inch] 
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Fig.  16. — -Comparison  of  Stresses  in  Arch  Rib  Under 
1-Tank  Loading  with  Deck  Intact  (series  1)  and 
with  Deck  Cut  (series  2) 

point,  say,  at  column  3,  produces  a  stress  at  any  point, 
say,  telemeter  point  a'  on  the  opposite  side  of  the 
crown,  equal  to  the  stress  at  a  produced  by  an  equal 
load  at  3',  where  the  position  of  each  of  the  pairs,  3,  3', 
and  a,  a',  are  symmetrical  with  respect  to  the  crown. 

STRESSES  IN  STEEL  DISCUSSED 

Table  2  shows  observed  and  computed  stresses  in  the 
reinforcing  steel  at  the  crown  and  springing  lines.  It  is 
noted  that  the  measured  stresses  are,  in  general,  less 
than  the  stresses  computed  on  the  assumption  that  the 
concrete  takes  no  tension  and  greater  than  those  com- 
puted on  the  assumption  that  the  concrete  takes  its 
proportionate  part  of  the  tension.  In  the  case  of  the 
high  tensile  stresses,  the  measured  stresses  are  con- 
siderably less  than  the  computed  stresses  based  on  the 
assumption  of  no  tensile  strength  for  the  concrete. 

ROTATION  OF  THE  ARCH  AXIS  DISCUSSED 

In  the  curves  showing  rotation,  the  slope  of  any 
curve  is  proportional  to  the  bending  moment  divided 
by  the  moment  of  inertia  of  the  section.  Therefore, 
at  any  section  along  the  rib,  the  slopes  of  any  series 
of  rotation  curves  are  proportional  to  the  bending 
moments.  This  relation  between  bending  moment 
and  slope  of  the  rotation  curves  should  be  kept  in 
mind  in  making  the  following  comparisons.  The 
smooth  curves  drawn  through  the  measured  rotation 
values  are  not  intended  to  represent  the  exact  manner 
in  which  rotations  change  between  sections  at  which 
measurements  were  made. 
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Fig.  17. — Comparison  of  Stresses  in  Arch  Rib  Under 
1-Tank  Loading  with  Deck  Intact  (series  1)  and 
with  Deck  Cut  (series  2) 

Figures  21,  22,  and  23,  show  rotations  in  series  1 
for  five  positions  of  load.  The  measured  values  are 
shown  for  three  increments  of  load,  22,750  pounds, 
45,500  pounds,  and  68,250  pounds  per  column.  The 
computed  curve  is  shown  for  a  column  load  of  68,250 
pounds  only. 

It  will  be  noted  that  the  measured  rotations  for  this 
series  are  of  the  same  general  nature  as  the  computed 
rotations  but  are  much  reduced  in  value  at  the  points 
of  maximum  values.  The  influence  of  the  super- 
structure on  the  moment  is  clearly  seen.  The  general 
influence  of  the  floor  system  may  be  seen  in  the 
reduction  of  the  maximum  values  of  the  rotations  and, 
therefore,  the  reductions  in  slopes  of  the  curve  between 
these  high  and  low  points.  The  local  effect  of  the 
curtain  walls  between  panel  points  3  and  3'  may  be 
seen  by  the  flattening  of  some  of  the  curves  after 
passing  panel  points  3  and  3'  toward  the  crown.  These 
are  the  points  at  which  the  curtain  wall  ends  and  has 
its  maximum  height.  The  curtain  wall  tapers  off 
to  a  height  of  0.85  foot  at  the  crown  where  its  effect 
is  negligible. 

Figures  24  and  25  show  the  rotations  for  series  2 
with  loads  on  each  pair  of  columns  from  2  to  6  and  for 
the  same  increments  of  loads  as  in  series  1.  The 
computed  and  measured  values  of  the  rotations  for 
this  series  show  a  remarkable  agreement.     The  maxi- 
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Fig.  18. — Comparison  of  Stresses  in  Arch  Rib  Under 
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Fig.  19. — Variation  in  Stress  in  the  Concrete  at 
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AT    TELEMETER     POINTS      5A    AND  6A 


LOAD  DIAGRAM 
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Fig.  20, 


location  of   column    points  along  rib  axis 

-Variation  in  Stress  in  the  Concrete  at  Telemeter  Points  for  a  1-Tank  Load  Moving 
Across  the  Span  with  Deck  Cut  (series  2) 
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LOCATION    OF    CLINOMETER    POINTS    ALONG    RI8     AXIS 

21. — Rotations  of  Arch  Rib  Under  1-Tank  Load- 
ing with  Deck  Intact  (series  1) 


mum  slopes  of  the  computed  and  measured  curves 
are  practically  the  same  over  a  considerable  length 
of  the  rib.  The  greatest  differences  of  slopes  of  the 
two  curves  occur  near  the  points  of  maximum  rotations 
or  zero  bending  moment.  At  these  points  it  may  be 
expected  that  the  greatest  discrepancies  between  com- 
puted and  measured  stresses  would  occur  in  so  far 
as  the  stress  is  dependent  on  the  bending  moment. 

Figure  26  shows  rotations  for  series  3  with  loads  over 
columns  1,  2,  3,  and  4.     The  maximum  measured  rota- 
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22. — Rotations  of  Arch  Rib  Under  1-Tank  Load- 
ing with  Deck  Intact  (series  1) 
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Fig.  23. — Rotations  of  Arch  Rib  Under  1-Tank  Load- 
ing with  Deck  Intact  (series  1) 

tions  in  this  case  show  greater  values  than  maximum 
computed  rotations  although  the  maximum  slope  and, 
therefore,  maximum  moments  agree  very  closely.  It 
appears  that  even  though  the  maximum  rotations  for 
this  case  are  somewhat  increased  by  the  cracking  at 
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Fig.  24. — Rotations  of  Arch  Rib  Under  1-Tank  Load- 
ing with  Deck  Cut  (series  2) 

the  springing  line  because  of  high  local  stresses,  the 
arch  still  continued  to  deform  elastically. 

ROTATIONS  FROM  MODEL  ANALYSIS  COMPARED  WITH  MEASURED 
AND  THEORETICAL  ROTATIONS 

Moment  diagrams  for  each  condition  of  loading  and 
each  condition  of  rib  restraint  were  made  from  the 
influence  lines  derived  from  the  model  analysis.  Rota- 
tions were  calculated  from  these  moment  diagrams,  the 
rotation  due  to  rib  shortening  caused  by  thrust  being 
neglected.  Curves  in  Figures  27  and  28  show  compari- 
sons between  measured  rotations  for  series  1  (curve  E), 
the  computed  rotations  (curve  D)  and  those  calculated 
from  the  model  analysis  for  the  three  conditions  of  rib 
restraint  (curves  A,  B,  and  C).  These  curves  show 
the  relation  between  the  model  analysis,  for  the  two 
conditions  of  the  superstructure,  and  the  measured 
rotations.  For  the  free  rib,  the  agreement  between 
computed  results  and  the  model  analysis  is  very  close. 

It  is  felt  that  the  rotations  are  the  most  significant 
of  the  measurements  taken  in  the  field  because  the 
instrumental  work  was  subject  to  few  inaccuracies  and 
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Fig.  25. — Rotations  of  Arch  Rib  Under  1-Tank  Load- 
ing with  Deck  Cut  (series  2) 

because  they  represent  a  summation  of  deformation 
and  are  not,  therefore,  as  sensitive  to  sudden  local 
changes  in  moment  as  in  the  case  of  stresses. 

DEFLECTION  OF  THE  RIB 

Figures  29  and  30  show  measured  deflections  for 
series  1  at  all  columns  except  those  next  to  the  piers  and 
also  the  computed  deflections.  The  stiffening  effect 
of  the  superstructure  is  shown  by  the  greatly  reduced 
deflections.  The  effect  of  the  curtain  wall  is  indicated 
by  the  flattening  of  some  of  the  curves  where  the  curtain 
wall  occurs. 

The  curves  shown  in  Figures  31  and  32  give  compari- 
sons of  measured  and  computed  values  of  deflection  for 
series  2.     With  the  curtain  wall  removed  and  the  effect 
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Fig.  26. — Rotations  of  Arch  Rib  Under  2-Tank  Load- 
ing with  Deck  Cut    (series  3) 

of  the  deck  reduced  to  a  minimum,  the  two  curves  agree 
very  closely. 

Deflections  for  series  3  are  shown  in  Figure  33.  Here, 
as  in  the  rotations  for  series  3,  the  maximum  measured 
results  are  somewhat  greater  than  the  theoi^tical,  but 
the  curves  are  of  almost  identically  the  same  form. 

CHANGES  IN  LENGTH  OF  MIDORDINATES  OF  THE  ARCH  AXIS 

Figures  34  and  35  show  measured  and  computed 
values  for  the  changes  in  midordinates  of  successive 
5-foot  arcs  of  the  axis  for  series  1  and  2.  The  ordinates 
of  these  curves  are,  of  course,  proportional  to  the  bend- 
ing moment  divided  by  the  moment  of  inertia  of  the 
section. 

TEMPERATURE  DEFORMATIONS 

Figure  36  shows  measured  rotations  and  deflections 
due  to  a  temperature  change  of  1°  C.  compared  with 
the  computed  values.  A  coefficient  of  expansion  of 
0.00001  per  degree  centigrade  was  used  in  these  com- 
putations. Readings  were  taken  with  the  load  con- 
ditions constant  at  different  rib  temperatures  and  these 
readings  were  divided  by  the  change  in  average  rib 
temperature.  All  the  values  for  a  1°  change  were 
averaged  to  obtain  the  plotted  values. 

The  curves  for  series  1  and  2  check  each  other  very 
closely,  indicating  that  the  superstructure  in  this 
particular  case,  has  little  effect  on  the  action  of  the  rib 
due  to  temperature  changes.  The  curves  for  series 
1  and  2  check  the  computed  curve  very  well 

CONCLUSIONS 

The  following  conclusions  as  to  the  action  of  a 
reinforced  concrete  arch  appear  to  be  justified  by  the 
data  presented  above: 

(1)  The  action  of  an  arch  rib,  when  free  from  the 
restraining  effect  of  the  superstructure  and  supported 
by  practically  immovable  piers,  conforms  closely  to  the 
action  as  determined  by  the  generally  accepted  theory 
of  elastic  structures,  even  at  high  unit  stresses  over 
short  lengths  of  the  rib. 

(2)  The  observed  compressive  stress  in  the  concrete 
at  any  section  of  the  rib  checks  the  computed  stress 
more  closely  when  it  is  assumed  that  the  concrete  takes 
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Fig.  27. — Rotations  or  Arch  Rib  Under  1-Tank  Load- 
ing from  Model  Analysis  Compared  with  Measured 
Rotations  (series  1  and  2) 

tension  than  when  it  is  assumed  that  concrete  is  not 
active  in  resisting  tensile  stress,  even  where  the  high 
tensile  stress  causes  cracks  in  the  concrete. 

(3)  The  observed  tension  in  the  steel  was,  in  general, 
less  than  that  computed  by  assuming  the  concrete  to- 
take  no  tension. 

(4)  The  superstructure  in  an  open-spandrel  rib  arch 
greatly  reduces  the  deformation  of  the  rib;  the  amount. 
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Fig.  28. — Rotations  op  Arch  Rib  Under  1-Tank  Load- 
ing from  Model  Analysis  Compared  with  Measured 
Rotations  (series  1  and  2) 

of  reduction  depending  upon  the  degree  of  continuity 
of  the  floor  system,  the  manner  in  which  the  floor 
system  is  attached  to  the  tops  of  the  spandrel  columns, 
and  the  stiffness  of  the  columns. 

The  use  of  expansion  joints  of  the  sliding  type  in  the 
floor  system  of  this  bridge  apparently  did  not  prevent 
the  coaction  of  the  superstructure  with  the  arch  ribs 

(5)  A  quantitative  determination  of  the  effect  of  the 
superstructure  on  the  arch  may  be  made  by  the  use  of 
the  Beggs  deformeter  gauges  on  an  elastic  model  of 
celluloid  or  some  other  suitable  material,  if  all  members 
are  connected  in  a  definite  way.  While  it  seems  possi- 
ble to  get  a  reliable  model  analysis  when  the  structure 
has  frictional  joints  such  as  the  floor  bearings  of  the 
Yadkin  River  Bridge,  there  is  no  practical  means  of 


THEORETICAL     DEFLECTIONS 
LOAD    6  8,250   POUNDS    PER   COLUMN- 


HoH 

ALONO  AXIS 


LOAD  ON  COLUMNS  2  AND  3 


LOAD  ON  COLUMNS  3  AND  4 


I  234567B9 

LOCATION    OF   DEFLECTION    POINTS    ALONO    RIB  AXIS 

Fig.  29. — Deflections  of  Arch  Rib  Under  1-Tank  Load- 
ing with  Deck  Intact  (series  1)  Compared  with 
Theoretical  Deflections 

making  a  model  which  represents  such  joints  with  cer- 
tainty. 

(6)  Temperature  deformations  of  the  rib  appear  to 
be  independent  of  the  superstructure  for  this  particular 
arch. 

APPLICATION  OF  CONCLUSIONS  TO  ARCH  DESIGN  DISCUSSED 

These  tests  were  concerned  only  with  deformations 
produced  by  live  loads  applied  over  comparatively 
short  periods  of  time.  The  conclusions  are  not,  there- 
fore, necessarily  true  of  dead-load  deformations  due  to 
continuous  application  of  the  load  over  long  periods  of 
time  because  of  the  possibility  that  the  elastic  proper- 
ties of  the  concrete  may  be  changed  by  a  continuously 
applied  stress. 

It  may  be  inferred  from  the  first  conclusion  that, 
even  though  the  dead-load  stresses  are  kept  down  to  a 
low  value,  the  combined  dead  and  live  load  stresses 
may  be  safely  allowed  to  reach  a  much  higher  value, 
depending  upon  the  quality  of  concrete  which  may  be 
secured  in  the  work. 

Conclusions  4  and  5  indicate  that,  if  full  advantage  is 
to  be  taken  of  the  stiffening  effect  of  the  superstructure, 
a  type  of  structure  must  be  used  which  can  be  accu- 
rately represented  by  a  model.     In  order  to  do  this, 
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Fig.  33. — Deflections  of  Arch  Rib  Under  2-Tank 
Loading  with  Deck  Cut  (series  3)  Compared  with 
Theoretical  Deflections 

sliding  joints  should  be  eliminated  from  the  structure  as 
far  as  practicable  and  definite  connections  made  between 
all  members.  It  should  be  pointed  out,  however,  that, 
if  full  advantage  is  taken  of  the  reduction  of  rib  stresses 
due  to   the  stiffening  effect  of  the  superstructure,   a 
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Fig. 34. — Measured  and  Computed  Mid-Ordinate  Changes 
Under  1-Tank  Loading  with  Deck  Intact  (series  1) 

complete  investigation  should  be  made  of  the  accom- 
panying increase  in  the  stresses  in  the  spandrel  columns. 

DEFORMATION  MEASURING  INSTRUMENTS  DISCUSSED 

Of  all  the  instruments  used  in  this  test,  the,  clinometer 
is  probably  the  most  dependable  because  of  its  simplicity 
of  construction  and  its  comparative  immunity  to  tem- 
perature effects.  However,  it  is  felt  that,  when  proper 
provisions  for  temperature  corrections  are  made,  the 
electric  telemeter  gives  satisfactory  results  when  rela- 
tively large  deformations  occur  but  it  is  difficult  to 
make  proper  provision  for  temperature  corrections  under 
field  conditions. 

It  seems  that  the  radiusmeter  is  subject  to  some  inac- 
curacies in  measuring  very  small  quantities  such  as  were 
measured  in  these  tests. 

Deflections  measured  from  a  piano  wire  under  high 
tensile  stress  proved  to  be  very  satisfactory. 
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Fig.  35. — Measured  and  Computed  Mid-Ordinate  Changes 
Under  1-Tank  Loading  with  Deck  Cut  (series  2) 
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IN  A  PREVIOUS  report2  on  the  North  Carolina 
bridge  tests  there  was  presented  a  comparison 
of  the  measured  and  computed  deformations  of 
a  reinforced  concrete  arch  bridge  under  live  load  with 
the  deformations  as  determined  by  the  use  of  an  elastic 
model  of  sheet  celluloid  and  Beggs  deformeter  gauges. 
In  the  previous  report  the  model  analysis  was  not 
discussed  in  detail  and  only  the  results  were  given. 

During  the  progress  of  the  analysis  there  arose  some 
interesting  problems  in  technique.  It  is  believed  that 
a  detailed  description  of  the  procedure,  an  explanation 
of  the  problems  encountered,  and  the  manner  in  which 
these  problems  were  solved  will  be  helpful  to  those 
who  meet  with  similar  difficulties  in  using  this  method. 

DEFORMETER  METHOD  DESCRIBED 

Professor  Beggs  has  described  the  principle  and 
operation  of  his  deformeter  method  elsewhere,3  but 
a  brief  description  will  be  undertaken  here  for  the 
sake  of  those  who  are  unfamiliar  with  it. 

Suppose  it  is  desired  to  determine  the  thrusts, 
shears,  and  moments  in  the  arch  rib  of  a  structure, 
the  model  of  which  is  shown  in  Figure  1.  The  model 
is  prepared  from  a  sheet  of  celluloid  approximately 
one-tenth  of  an  inch  thick,  the  sectional  dimensions 
of  the  model  being  proportional  to  the  cube  roots  of 
the  moments  of  inertia  of  the  various  sections  of  the 
actual  structure  according  to  some  convenient  scale. 
If  we  wish  to  determine  the  thrust  at  M,  for  example, 
due  to  a  vertical  load  of  unity  at  4,  we  can  do  so  by 
cutting  the  arch  rib  at  M  normal  to  the  rib  axis  and 
separating  the  sides  of  the  cut  a  small  known  distance 
du  care  being  taken  to  keep  the  sides  of  the  cut  parallel. 
This  displacement  of  the  sides  of  the  cut  produces 
distortions  throughout  the  model,  and  if  we  measure 
with  a  microscope  the  resulting  vertical  deflection  d2 


at  4,  we  have  all  the  data  necessary  for  computing  the 
thrust  TatM.  It  follows  from  the 'Maxwell  theorem  of 
reciprocal  deflections  that  for  a  unit  load,  I  =  |.  It  is 
necessary,  of  course,  that  du  and  d2  be  measured  in 
the  same  units  (say  inches)  and  this  is  accomplished 
by  multiplying  an  observed  deflection  by  the  calibration 
factor  of  the  microscope.  It  is  obvious  that  if  similar 
measurements  are  made  of  the  vertical  deflections  at 
points  0  to  6  due  to  the  displacement  of  the  cut  sec- 
tion M,  an  influence  curve  can  be  plotted  for  the  thrust 
at  M. 

By  the  same  reasoning  an  influence  diagram  for  the 
the  shear  at  M  can  be  determined  by  measuring  the 
vertical  deflections  at  points  0  to  6  due  to  a  small 
known  shear  displacement  of  the  sides  of  the  cut  section. 

Likewise  if  the  two  sides  of  the  cut  section  are 
rotated  with  respect  to  one  another  through  a  small 
known  angle  and  the  necessary  measurements  of  deflec- 
tions made,  an  influence  diagram  for  bending  moment 
at  M  can  be  plotted,  the  only  difference  being  that  in 
the  case  of  moments  the  scale  of  the  model  plays  a 
part;  it  is  necessary  to  multiply  the  deflections  d2  by 
the  scale  of  the  model.  For  example  if  the  scale  of 
the  model  is  1  inch  to  5  feet,  all  observed  deflections 
must  be  multiplied  by  5,  to  obtain  the  moment  in 
foot-pounds.  That  is,  the  Ndeflections  d2  for  a  given 
angular  rotation  in  the  model  must  be  multiplied  by 
the  value  of  a  unit  length  of  the  model  in  the  actual 
structure  to  obtain  the  deflection  in  the  actual  struc- 
ture for  the  same  rotation.  In  the  example  given  the 
model  deflections  would  be  multiplied  by  60  to  obtain 
the  moment  in  inch-pounds  due  to  a  load  of  one  pound 
and  by  5  to  obtain  the  moment  in  foot-pounds. 

The  foregoing  paragraphs  set  forth  the  principle 
upon  which  the  Beggs  method  is  based.  In  practice 
the  displacements  of  the  sides  of  the  cut  section  are 


SAW  CUTS  REPRESENTING  EXPANSION  JOINTS 


Fig.  1.— Outline  of  Model  of  Yadkin  River  Bridge  Showing  Sections  at  which  Gauges  were  Attached 


.  The  analysis  was  made  at  the  Johns  Hopkins  University  by  the  author  »nd  Albin  L  Getnc^nior  S .ruHural  Wr  a  the  Bureau  of  Public  Roads. 
2  Gemeny  A.  L.  and  Hunter.  W.  F.,  Loading  Tests  on  a  Reinforced  Concrete  Arch,  Public  Roads,  vol.  9.  No  W,  .         m  er  iwo. 
a  Beggs,  George.,  The  use  of  Models  in  the  Solution  of  Indeterminate  Structures,  Journal  of  the  franklin  Institute,  Marcli,  l»i(. 
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brought  about  by  moans  of  a  deformeter  gauge  and 
plugs  which  are  inserted  therein.  The  gauge  (fig.  2) 
consists  of  two  steel  bars  drawn  toward  each  other  by 
springs.  In  the  opposing  sides  of  these  bars  are  notches 
into  which  the  plugs  are  inserted.  The  model  is  first 
attached  to  a  drawing  board  by  clamps  attached  at 
points  of  fixity  in  the  actual  structure  such  as  the  bases 
of  piers,  etc.  *  The  underside  of  the  model  lies  in  a  plane 
five-eighths  inch  from  the  drawing  board  and  is  sup- 
ported at  numerous  points  upon  ^-mch  blocks  of 
glass  or  metal  and  Lg-inch  steel  ball  bearings.  The 
gauge  is  attached  to  the  model,  normal  to  the  axis 
along  which  the  thrust  acts  and  is  supported  upon 
two  ^-inch  plates  between  which  three  J^-inch  steel 
ball  bearings  have  been  placed.  Two  normal  plugs, 
midway  in  size  between  the  large  and  small  thrust 
plugs,  are  inserted  before  the  gauge  clamps  are  tight- 
ened. After  screwing  the  clamps  down  tightly  against 
the  model  the  normal  plugs  are  removed  and  the  model 
cut  through  with  a  hack-saw  blade.  Thereafter,  when- 
ever the  normal  plugs  are  inserted  the  model  resumes 
exactly  the  position  it  was  in  before  the  section  was 
cut. 

Thrust  measurements  are  made  by  inserting  first  the 
two  exactly  similar  small-size  thrust  plugs,  reading  the 
microscopes,  which  are  of  the  filar  micrometer  type, 
and  then  inserting  the  large-size  thrust  plugs  and 
again  reading  the  microscopes.  The  microscopes  are 
so  oriented  that  vertical  deflections  are  recorded  by 
them  and  the  differences  in  settings  are  the  deflec- 
tions d2. 

Shear  displacements  are  produced  by  inserting  the 
shear  plugs,  which  are  also  exactly  alike,  with  the  flat 
portion  bearing  first  against  the  faces,  1,  of  the  notches 
and  then  against  the  faces,  2.  This  causes  one  side 
of  the  gauge  to  be  displaced  laterally  with  respect  to 
the  other  side,  the  sides  of  the  cut  section  remaining 
parallel  and  exactly  the  same  distance  apart  as  when 
the  normal  plugs  ara  in  place.  The  moment  displace- 
ments are  produced  by  inserting  the  two  moment  plugs, 
which  are  of  different  diameters,  and  then  interchang- 


ing them. 


CELLULOID  MODEL  CONSTRUCTED 


In  making  the  model  of  the  Yadkin  Kiver  Bridge  the 
total  moment  of  inertia  of  the  concrete  plus  n  times  the 
moment  of  inertia  of  the  steel  was  first  computed  for 
each  of  the  various  sections  of  the  actual  structure  and 
the  sectional  dimensions  of  the  model  were  based  on 
the  cube  roots  of  these  quantities.  The  scale  of  these 
sectional  dimensions  was  selected  so  that  the  width  of 
the  arch  rib  did  not,  in  general,  exceed  a  size  that 
could  be  grasped  by  the  clamps  on  the  gauges.  This 
resulted  in  the  selection  of  1  inch  to  5  feet  as  the  proper 
scale,  and  a  model  approximately  100  inches  long, 
since  the  bridge  consisted  of  three  equal  arches  of 
approximately  150  feet  clear  span  each,  a  total  of  about 
500  feet  from  end  to  end. 

The  outline  of  one-half  of  the  model  was  next  care- 
fully scribed  on  a  thin  sheet  of  aluminum  and  small 
holes  drilled  at  frequent  intervals  along  the  scribed 
lines.  This  templet  was  then  clamped  to  a  sheet  of 
0.08-inch  celluloid,  20  by  50  inches  in  size,  and  center 
punch  marks  were  made  through  the  holes  drilled  in 
the  templet.  These  punch  marks  were  later  used  in 
scratching  the  outline  of  the  model  on  the  celluloid. 
The  templet  was  next  clamped  to  a  new  position  on  the 
celluloid  sheet  and  the  process  repeated.  B,y  taking 
advantage  of  the  symmetry  of  the  structure,  much 


labor  was  saved  in  laying  out  the  model  on  the  celluloid 
and  mistakes  which  would  no  doubt  have  been  made 
in  scratching  directly  on  the  celluloid  were  avoided. 
The  two  halves  of  the  model  were  roughly  sawed  out 
with  a  coping  saw  and  filed  down  to  the  outlines. 

CARE    USED   IN    SETTING    UP   MODEL   TO  PRODUCE  ACCURATE 
RESULTS 

In  mounting  the  model  upon  the  drawing  board  a 
finishing  nail  was  driven  just  beyond  each  end  of  the 
model  and  a  cotton  thread  stretched  taut  between 
them.  The  two  halves  of  the  model  were  then  placed 
in  approximate  position  and  supported  upon  i/g-inch 
steel  ball  bearings  which  rested  in  turn  upon  3^-inch 
brass  blocks.  The  top  of  the  model  was  adjusted  to 
the  cotton  thread  reference  line  and  the  bottoms  of 
the  four  piers  were  clamped  to  the  board.  A  gauge 
was  placed  at  the  crown  connecting  the  two  halves  of 
the  model.  In  order  to  simulate  the  condition  of 
restraint  offered  by  the  approach  spans,  the  two  end 
piers  of  the  model  were  also  fastened  with  the  clamps 
shown  in  Figure  1. 

The  reference  line  formed  by  the  cotton  thread  proved 
of  considerable  value  not  only  in  setting  the  two  halves 
of  the  arch  in  position  but  also  in  indicating  the  normal 
position  of  the  model  throughout  the  analysis. 

In  order  to  increase  the  ease  and  accuracy  of  micro- 
scope reading,  targets  were  glued  to  the  model  at  points 
where  microscope  readings  were  to  be  taken.  These 
targets  consisted  of  small  disks  punched  from  a  sheet 
of  white  celluloid.  The  point  to  be  observed  on  the 
disk  was  indicated  by  making  a  very  small  indentation 
with  the  point  of  a  fine  needle  and  then  smearing  a 
little  India  ink  over  the  target.  When  the  surplus 
ink  was  wiped  off  some  of  it  remained  in  the  indentation, 
producing  a  very  small,  round  speck  in  striking  con- 
trast with  the  white  celluloid  background. 

In  making  the  field  tests,  stresses  were  measured  by 
telemeters  in  both  the  extrados  and  intrados  of  the 
central  arch  at  points  M,  N,  O,  P,  Q,  P',  O',  N',  and  M' 
indicated  in  Figure  ] .  It  was  necessary,  therefore,  in 
order  to  check  these  stresses,  to  attach  gauges  at  those 
points.  The  other  field  results  with  which  it  was 
desired  to  compare  results  from  the  model  analysis 
were  the  rotations  at  nine  points  of  the  arch  axis  which 
had    been    measured    in    the    field    with    clinometers 

Since  these  rotations  2 --wf-   are  dependent  upon    the 

bending  moments  in  the  rib,  it  was  necessary  to  draw 
a  bendmg-moment  diagram  for  the  rib.  This  obviously 
made  it  necessary  to  have  deformeter  data  from  each 
panel  from  which  to  compute  the  bending  moments  at 
the  sides  of  the  columns.  Accordingly  gauges  were 
also  attached  at  points  Ni,  N'i,  Pi,  and  PV  This  made 
a  total  of  13  points  at  which  deformeter  data  were 
necessary.  Since  only  six  gauges  were  available,  it 
was  necessary,  after  the  first  six  points  had  been 
investigated,  to  remove  the  gauges  to  other  points. 

The  cut  sections,  left  upon  the  removal  of  the  gauges 
had,  of  course,  to  be  repaired  in  some  way.  Although 
welding  with  a  thick  solution  of  celluloid  in  acetone  is 
commonly  recommended  for  this  purpose,  tests,  made 
in  advance,  indicated  that  about  48  houis  must  elapse 
before  the  welded  section  becomes  hard  and  elastic. 
Small  clamps  were  therefore  used  in  order  to  save  time. 
These  clamps  consisted  of  small  brass  blocks,  %  by 
lJi  by  ]^  inches,  with  straps  similar  to  those  on  the 
deformeter  gauges.     The   two   sides   of  the   cut   were 
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clamped  down  to  the  brass  block  by  the  straps  and 
the  whole  device  was  supported  on  three  3^-inch  ball 
bearings  resting  upon  a  ^-inch  brass  plate. 

Deformeter  measurements  made  with  only  the  crown 
gauge  on  the  model  were  later  checked  after  all  the 
gauges  and  clamps  were  in  place,  thus  showing  that 
the  presence  of  additional  gauges  and  the  method  of 
clamping  had  not  altered  appreciably  the  original  shape 
or  elastic  properties  of  the  model. 

In  attaching  gauges  to  the  model  an  interesting 
problem  arose  which,  fortunately,  had  been  foreseen, 
namely,  that  the  plug  holes  in  some  of  the  gauges  were 
covered  over  by  the  model,  thus  making  it  impossible 
to  insert  the  plugs  from  the  top,  as  is  usually  done. 


as  feasible,  to  permit  as  little  temperature  change  as 
possible.  The  effect  of  temperature  will  be  discussed 
later. 

As  soon  as  the  thrust,  shear,  and  moment  data  had 
been  determined  for  the  gauge  and  the  microscope  posi- 
tions concerned  the  microscopes  were  shifted  to  six 
targets  on  the  other  half  of  the  arch  and  the  process  was 
repeated  for  the  same  gauge.  The  difference  between 
the  two  microscope  readings  for  each  point  was  then 
multiplied  by  the  calibration  coefficient  of  the  micro- 
scopes and  the  thrust,  shear,  and  moment  influence 
diagrams  for  the  point  in  question  were  plotted.  In 
many  cases,  however,  it  was  impossible  to  determine  the 
true   shape   of   the  influence   diagrams   with  readings 


General  View  of  Model  and  Apparatus 


The  purchase  of  special  gauges  with  the  plug  holes 
offset  so  as  to  clear  the  model  was  at  first  considered, 
but  this  would  have  involved  much  loss  of  time  and 
additional  expense.  It  was  finally  suggested  that  holes 
be  bored  in  the  drawing  board  directly  under  the  plug 
holes  in  the  gauges  so  that  the  plugs  could  be  inserted 
from  below.  Three-quarter  inch  holes  were  made  in 
the  board  where  necessary  before  placing  the  model  and 
subsequently  the  plugs  were  inserted  through  these  with 
a  pair  of  bent  crucible  tongs  without  difficulty. 

SIMPLE  TECHNIQUE  EMPLOYED 

The  work  of  making  and  recording  the  thousands  of 
microscope  readings  was  done  by  two  men,  one  of  whom 
manipulated  the  gauge  plugs  and  read  the  microscope 
and  the  other  recorded  the  readings. 

The  technique  employed  was  very  simple.  Six  micro- 
scopes were  oriented  and  focussed  upon  six  of  the  main 
targets,  the  proper  plugs  were  inserted  in  the  gauge 
under  consideration,  the  temperature  recorded,  and  the 
microscopes  were  quickly  set  upon  the  target  points 
and  read.  The  plugs  were  then  changed,  temperature 
was  again  recorded,  microscopes  were  reset,  and  the 
second  readings  were  taken.     This  was  done  as  quickly 


from  12  positions  of  the  microscopes  and  additional 
points  usually  had  to  be  investigated.  These  additional 
points  were  selected  so  as  to  determine  accurately  the 
influence  curve  at  points  of  sudden  change  of  curvature. 
To  avoid  errors  in  the  sign  of  the  microscope  readings, 
a  rule  must  be  adopted  and  carefully  followed  if  con- 
fusion is  to  be  avoided.  In  the  analysis  under  discus- 
sion the  micrometer  screws  of  the  microscopes  were 
always  oriented  in  the  same  direction.  The  microscopes 
are  so  constructed  that  the  orientation  of  the  microm- 
eter screw  is  independent  of  the  microscope  stand.  This 
constant  orientation,  coupled  with  a  definite  order  of 
plug  insertion,  practically  eliminated  this  possibility  of 
of  error. 

DIFFICULTIES  SOLVED  IN  MAKING  ANALYSIS 

It  was  discovered  at  the  beginning  of  the  analysis  that 
the  two  pairs  of  thrust  plugs  ordinaiily  supplied  with 
the  deformeter  apparatus  differed  in  diameter  by  so 
great  an  amount  as  to  be  unsuited  for  use  with  the 
model  to  be  used.  The  model  was  so  si  ill'  that  when 
the  attempt  was  made  to  force  the  gauge  bars  far  enough 
apart  to  insert  the  large  thrust  plugs  the  model  was 
seriously  distorted  out  of  its  normal  plane.    Conversely, 
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when  the  small-size  thrust  plugs  were  inserted  the  gauge 
bars  failed  to  close  up  snugly  on  the  plugs.  This  effect 
was  greatest  between  columns  3  and  3',  where  the  model 
offered  great  resistance  to  displacement  of  the  sides  of 
cut  sections  due  to  the  stiffness  of  the  very  short  col- 
umns and  widened  rib  section,  enlarged  to  represent  the 
curtain  wall.  This  difficulty  was  overcome  by  obtaining 
two  pairs  of  thrust  plugs  which  differed  in  diameter 
by  a  much  smaller  amount  than  the  plugs  regularly 
supplied.  The  difference  in  diameter  of  the  plugs  ordi- 
naiily  supplied  is  0.03599  inch;  that  of  those  used  was 
0.00539  inch. 

32772- 
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SECTIONAL  VIEW 

Fig.  2. — Beggs  Deformeter  Gauge 

The  stiffness  of  the  model  was  responsible  for  another 
difficulty.  The  two  bars  of  the  gauge,  are  of  course, 
supposed  always  to  lie  in  the  same  plane  so  that  the 
sides  of  the  V-notches  will  be  parallel  and  thus  insure 
a  snug  fit  against  the  plugs  throughout  the  entire  depth 
of  the  notches.  It  was  noticed  that  in  a  few  of  the  stiffer 
sections  of  the  model  the  force  exerted  by  the  model 
upon  the  gauge  bars,  acting  eccentrically  with  that  of 
the  springs  holding  the  bars,  produced  an  opposite 
rotation  of  the  two  bars  about  horizontal  axes  so  that 
they  no  longer  lay  in  the  same  plane.  These  forces  aie 
indicated  by  arrows  in  the  sectional  view  of  Figure  2. 
This  condition  was  overcome  by  using  a  small  C-clamp 
at  each  end  of  the  gauge  to  draw  the  bars  into  the  proper 
position. 

The  model  was  quite  sensitive  to  temperature  varia- 
tions. This  made  it  necessary  to  maintain  as  nearly  as 
possible  an  even  temperature  in  the  room  wberethe 
analysis  was  conducted  and  to  manipulate  plugs  and 
read  miscroscopes  as  quickly  as  practicable  so  as  to 
reduce  the  temperature  change  in  the  interval  between 


microscope  readings  to  a  minimum.  All  determinations 
involving  temperature  changes  greater  than  0.10°  C. 
were  thrown  out.  There  were  but  few  of  these,  how- 
ever, due  to  the  close  temperature  control  effected  by 
keeping  the  doors  and  windows  of  the  laboratory  closed. 
It  was  found  that  a  puff  of  warm  air  coming  through  an 
open  window  would  often  send  the  temperature  up  a 
half  degree  centigrade  in  five  minutes.  Since  it  was  not 
possible  to  work  fast  enough  to  keep  the  time  interval 
between  readings  much  below  five  minutes,  and  fre- 
quently longer,  this  was  an  important  item. 

Figure  3  shows  a  typical  influence  diagram  for  bending 
moment  at  the  crown  of  the  arch  and  how  it  is  affected 
by  a  temperature  variation  of  0.5°  C.  It  will  be 
noticed  that  the  percentage  error  is  great  only  in  regions 
of  small  microscope  readings  and  that  it  is  not  large 
enough  to  be  particularly  serious  at  points  of  large 
readings.  In  the  instance  cited  the  percentage  of 
error  ranges  from  100  per  cent  or  more  for  the  small 
readings  to  8  per  cent  for  the  maximum  reading  at  the 
crown. 

Ordinarily  the  temperature  variation  will  not  be  as 
great  as  0.5°  C.  if  precautions  are  taken,  and  most  analyses 
are  for  the  purpose  of  determining  stresses  where  one 
is  largely  if  not  exclusively  concerned  with  the  large 
readings.  In  the  present  case,  as  will  be  seen  later, 
small  readings  played  a  very  considerable  part  in  deter- 
ining  rotations  which,  unlike  stresses,  depend  not 
merely  upon  the  moment  at  the  point  where  the  stress 
occurs  but  upon  the  entire  bending-moment  diagram 
of  the  arch  rib. 

DEFORMETER  DATA  PRESENTED 

A  part  of  the  deformeter  data  selected  as  typical  is 
presented  in  the  form  of  influence  diagrams,  Figures  4 
to  17,  inclusive.  All  of  these  pertain  to  the  left  half  of 
the  span,  but  those  relating  to  similarly  situated  sec- 
tions in  the  right  half  of  the  span  display  the  expected 
symmetry.  This  form  of  presentation  makes  it  possible 
to  observe  the  many  peculiar  characteristics  of  the 
influence  diagrams  of  analyses  A  and  B  (meaning  of 
symbols  explained  below)  in  contrast  with  those  of  C, 
which  follow  very  closely  the  theoretical  influence 
diagrams  of  the  free  rib. 

Some  explanation  of  the  meaning  of  the  symbols  A, 
B,  and  C  seems  necessary.  The  floor  of  the  Yadkin 
River  Bridge  was  of  the  conventional  deck-girder  type, 
with  the  ends  of  the  girders  resting  upon  spandrel  col- 
umns without  definite  connection,  the  load  being  trans- 
ferred to  the  supporting  elements  through  a  sole  plate 
and  a  masonry  plate.  These  plates  were  badly  rusted 
together  and  thereby  offered  a  large  if  not  perfect 
resistance  to  displacements  of  a  shearing  nature.  They 
were  not,  however,  able  to  resist  separation  by  direct 
tension  or  tension  due  to  bending.  As  a  matter  of 
fact,  it  was  observed  that  under  certain  loadings  some 
of  these  plates  actually  separated  on  the  tension  side. 
The  bending  moments  in  the  spandrel  columns  were 
dependent  not  only  on  the  position  of  the  load  but  upon 
the  exact  degree  of  fixity  of  the  tops  of  the  columns. 
The  problem  of  accurately  representing  this  condition 
in  the  model  was  one  which  had  to  be  solved  by  the 
exercise  of  judgment  rather  than  by  accurate  com- 
putations. 

It  was  decided  to  make  the  first  set  of  determinations 
upon  a  model  cut  out  of  solid  material  as  if  the  girders 
had  been  built  intergally  with  the  columns.     The  con- 
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Fig.  5. — Typical  Influence  Diagram 
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Fig.  9. — Typical  Influence  Diagram 
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Fig.  12. — Typical  Influence  Diagram 
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Fig.  10. — Typical  Influence  Diagram 
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Fig.  13. — Typical  Influence  Diagram 


MODEL    CONOITION   B       SECTION   P 


MOMENT    

THRUST     

SHEAR        

ALONG  AXIS 

,-^ 

1 

/ 

N 

\ 

/ 

/ 

\ 

\ 

/ 

\ 
\ 

/ 
/ 

\ 

\ 
s 

/ 

\ 

s 
s 

I 

/ 

> 

.-• 

\ 

\ 

--• 

^ 

1 

.    1 

1 

1 

I 

1 

1 

1 

1 

MODEL    CONDITION     C      SECTION    M 


LOCATION    OF    COLUMNS    ALONG    RIB  AXIS 

Fig.  11. — Typical  Influence  Diagram 
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Fig.  15. — Typical  Influence  Diagram 
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Fig.  16. — Typical  Influence  Diagram 
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nections  of  the  girders  and  columns  were  then  modified 
in  an  attempt  to  bring  about  a  simulation  of  the  con- 
ditions described  for  the  actual  structure.  Later  I  he 
entire  floor  and  spandrel  construction  was  cul  loose, 
leaving  only  the  free  rib,  this  condition  corresponding 
to  a  series  of  measurements  made  upon  the  Yadkin 
River  Bridge  after  the  continuity  of  the  deck  had  been 
completely  destroyed. 

The  modification  of  the  girder  connections  was 
effected  by  severing  the  tops  of  the  columns  from  the 
underside  of  the  floor  and  welding  on  a  small  celluloid 
link  with  a  drop  of  acetone.  The  construction  of  the 
links  and  the  manner  of  connecting  them  is  shown  in 
Figure  18. 


TWO  THICKNESSES 

.02"=. 04" 
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Fig.  17. — Typical  Influence  Diagram 


08  COLUMN 


Fig.  18. — Details  of  Connecting  Link 

The  three  conditions  of  test  resulting  from  the  fore- 
going were  designated  as  follows:  Floor  and  columns 
integral,  with  microscope  readings  taken  on  the  floor, 
condition  A;  column  connections  modified,  with  read- 
ings on  the  floor,  condition  B;  floor,  spandrel  construc- 
tion and  curtain  wall  removed,  with  readings  on  the 
free  rib,  condition  C. 

INFLUENCE  DIAGRAMS  USED  IN  COMPUTING  STRESSES  AND  ROTA- 
TIONS 

The  influence  diagrams,  Figures  4  to  17,  were  used 

in  computing  the  extrados  and  intrados  stresses  shown 

in  Figures  4  to  13  of  the  main  report4  (typical  graphs 

shown  on  p.   218)  which  also  show  measured  stresses 

and    theoretical   stresses   computed   for   the    free   rib. 

The  two  ordinates  corresponding  to  the  two  points  of 

application  of  test  load  (68,250   pounds)    were  picked 

from  the  thrust  influence,  diagram  for  the  particular 

section   involved.     These  ordinates  were   then   added 

and  multiplied  by  68,250,   the  result  being  the  total 

thrust  applied  to  the  section.     The  bending  moment 

at  the  section  was  obtained  from  the  moment  influence 

diagrams    in    a    similar    manner.     The    extrados    and 

intrados  stresses  were  then  computed  from  the  were 

known  formula 

P     My 
f=-j  ±    j    in  which 

/  =  unit  fiber  stress  in  concrete, 

P  =  total  direct  stress, 

A  =  combined  area  of  section  (steel  and  concrete) , 

M=  bending  moment  at  section, 

y  =  distance  from  neutral  axis  to  extreme  fiber, 

/=  combined  moment  of  inertia   (steel  and  concrel 

of  section. 

In  computing  the  values  of  arch  rib  rotation  shown 

in  Figures  27  and  28  of  the  main  report,  which  also 

show°the  measured  values  and  the  theoretical   values 

computed  for  the  free  rib,  it  was  first  necessary   to 
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make  bending-moment  diagrams  for  the  entire  arch 
rib  for  each  of  the  three  conditions  of  model  analysis 
and  five  positions  of  load.  A  typical  bending-moment 
diagram,  for  a  load  of  unity,  is  shown  in  Figure  20. 
One  value  of  bending  moment  was  measured  directly  by 
deform eter  gauges  in  each  panel  (usually  about  midway 
between  columns),  while  the  values  shown  at  each 
side  of  the  columns  and  at  the  springing  points  were 
computed  from  the  thrust,  shear,  and  moment  at 
the  adjacent  gauges. 

The  construction  of  a  diagram  showing  the  varia- 
tion of  EI  for  the  rib  was  also  necessary  before  the 

rotations,  2—^-  could  be  computed.     This  diagram  is 

shown  in  Figure  19  in  which  the  sudden  increase  in 
values  at  columns  3  and  3'  is  due  to  the  presence  of  a 
curtain  wall  which  was  constructed  integrally  with 
the  rib  of  the  structure  between  these  columns. 

The  diagram  for  values  of  EI  was  plotted  upon 
tracing  cloth  and  when  this  was  superimposed  upon 
the  bending-moment  diagrams  it  was  possible  to  pick 
directly  from  the  combined  diagrams  the  bending- 
moment  ordinates  M,  the  length  of  the  rib  segment  ds, 

Mds 
and   the   corresponding  value  of  EI.    Values  of     ^r 

were  so  obtained  for  each  successive  length  of  rib 
beginning  at  the  springing  point  and  tabulated.  In 
order  to  determine  the  rotation  at  any  given  section 
it  was  only  necessary  to  sum  up,  algebraically,  the 
tabulated  values  between  the  springing  point  and  the 
section  in  question. 

The   algebraic  summation  of    these   values  of    y,- 

taken  from  end  to  end  of  the  rib  should,  of  course, 
equal  zero.  Actually  the  values  when  added  failed  to 
balance,  the  discrepancy  amounting  to  as  much  as 
16  per  cent  in  the  case  of  analyses  A  and  B.  However, 
for  analysis  C  the  balance  was  very  close.  In  each  case 
the  error  was  distributed  before  computing  the  rota- 
tions. 

MODEL    RESULTS    COMPARED    WITH    THEORETICAL    AND    ACTUAL 
STRESSES 

Figures  4  to  6  of  the  main  report  (see  p.  218)  show  the 
theoretical  values  of  stresses  computed  for  the  free 
rib  and  the  stresses  measured  on  the  actual  structure 
with  the  deck  intact.  The  lines  connecting  plotted 
points  are  not  intended  to  indicate  variations  in  stress 
between  points  but  merely  as  a  guide  for  the  eye.  In 
these  diagrams  the  model  analysis  results  have  also 
been  shown  for  condition  A,  floor  and  spandrel  con- 
struction integral,  and  condition  B,  floor  and  spandrel 
columns  connected  with  links. 

The  model  stresses  show  a  general  correspondence 
with  the  measured  ones,  the  results  of  analysis  B  being 
particularly  close  to  the  measured  stresses.  This 
indicates  that  the  method  adopted  to  make  the  model 
of  analysis  B  fit  the  structure  was  a  fair  approximation. 
The  stresses  of  analysis  A  are  in  practically  every  case 
lower  than  either  those  of  analysis  B  or  the  measured 
ones,  which  is  to  be  expected  because  of  the  stiffer 
condition  of  the  model. 

As  pointed  out  in  the  main  report,  a  comparison  of 
the  theoretical  rib  stresses  with  either  the  measured 
stresses  or  those  derived  from  the  model  strikingly 
reveals  the  reduction  in  rib  stresses  due  to  the  stiffening 


effect  of  the  superstructure  and  curtain  wall.  Taking 
this  effect  into  consideration  makes  possible  material 
economies  in  the  design  of  such  a  rib.  The  question 
which  naturally  arises  as  to  the  applicability  of  the 
deformeter  method  to  such  a  design  is  discussed  later. 
Figures  10  to  13  of  the  main  report  (see  p.  219)  show 
the  theoretical  stresses  computed  for  the  free  rib  and 
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Fig.  19. — Diagram  Showing  Variation  in  EI 

the  stresses  measured  with  the  continuity  of  the  deck 
destroyed  so  that  the  test  loads  were  applied  directly 
to  the  arch  rib  by  means  of  the  spandrel  columns. 
These  diagrams  also  show  the  stresses  resulting  from 
model  analysis  C,  with  the  superstructure  and  curtain 
wall  removed  from  the  model  rib.  No  measurements 
were  made  with  loads  at  columns  1  and  2  because  of 
danger  involved  in  such  loading;  consequently  no 
curves  are  submitted  for  this  condition.  A  crack 
developed  in  the  concrete  of  the  intrados  between  the 
gauge  points  of  the  crown  telemeter  and  measured 
stresses  are  therefore  not  shown  for  this  point. 

A  study  of  these  curves  reveals  that  the  theoretical 
stresses  and  the  model  stresses  check  almost  exactly. 
This  is  of  particular  interest  in  view  of  the  fact  pointed 
out  in  the  main  report  that,  all  things  considered,  the 
curves  of  measured  stresses  also  check  the  theoretical 
curves  very  well.  They  show  the  same  general  varia- 
tions and  in  at  least  75  per  cent  of  the  cases  plotted 
the  results  are  remarkably  close. 

These  curves  should  go  a  long  way  toward  allaying 
any  doubt  that  may  exist  as  to  the  applicability  of  the 
elastic  theory  to  the  design  of  free  arch  ribs.  Here  we 
see  the  stresses  predicted  by  the  theory  essentially 
substantiated  in  the  reinforced  concrete  structure  and 
further  substantiated  in  a  homogeneous  elastic  model 
of  the  *s  true  ture. 

BENDING  MOMENT  DIAGRAM  INDICATES  STIFFENING  EFFECT  OF 
SUPERSTRUCTURE 

A  typical  bending-moment  diagram  of  the  arch  rib 
for  the  three  conditions  of  model  analysis  is  shown  in 
Figure  20.  The  effect  of  the  superstructure  is  clearly 
indicated  by  comparing  the  theoretical  bending- 
moment  diagram,  computed  for  the  free  rib  with  those 
resulting  from  model  analyses  A  and  B.  The  results  of 
analysis  C  correspond  closely  to  the  theoretical. 

The  great  difference  between  moments  existing  on 
either  side  of  the  columns  of  model  analyses  A  and  B 
represents  the  bending  moments  carried  by  the  columns 
at  their  lower  ends  and  introduced  by  them  into  the 
rib.  The  reader  is  likely  to  wonder  what  happens  to 
the  columns  under  these  moments  and  to  think  that 
economies  effected  by  taking  the  superstructure  into 
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Fig.  20. — Typical  Bending-Moment  Diagrams  for  Unit   Loads 


consideration  in  designing  would  be  largely  offset  by  the 
additional  material  necessary  to  make  the  columns  strong 
enough  to  resist  these  high  moments.  As  a  matter  of 
fact,  the  columns  between  3  and  3',  inclusive,  existed 
only  in  the  model;  the  actual  structure,  following  com- 
mon practice,  had  a  curtain  wall  between  these  columns. 
In  order  to  throw  some  light  upon  what  stresses  might 
be  expected  in  spandrel  columns,  the  two  most  heavily 
stressed  ones  were  investigated,  i.  e.,  column  No.  2, 
existing  in  both  the  structure  and  the  model  and  column 
No.  4,  existing  in  the  model  only.  In  both  cases 
maximum  stress  conditions  were  found  with  loads 
placed  at  columns  Nos.  2  and  3.     For  the  test  load  of 


68,250  pounds,  without  impact,  the  maximum  fiber 
stresses,  including  dead  load,  were  found  to  be  880 
pounds  per  square  inch  compression  and  430  pounds 
per  square  inch  tension  for  column  No.  2,  whereas  for 
column  No.  4  these  amounted  to  1,870  and  1,630 
pounds  per  square  inch,  respectively.  For  the  com- 
monly specified  20-ton  truck,  or  125  pounds  per  square 
foot  of  floor,  both  with  30  per  cent  impact,  the  maximum 
fiber  stresses,  including  dead  load,  were  found  to  be 
305  pounds  per  square  inch  compression  and  75  pounds 
per  square  inch  tension  for  column  No.  2,  while  for 
column  No.  4  these  amounted  to  580  and  460  pounds 
per  square  inch,  respectively. 
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Figure  27  of  Main  Report,  Showing  Rotations  of 
Arch  Rib  under  1-tank  Loading  prom  Mom  i  Anal- 
ysis Compared  with  Measured  Rotath 
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MODEL    RESULTS    COMPARED    WITH    THEORETICAL    AND    ACTUAL 
ROTATIONS 

"  Curves  A,  B,  and  C  of  Figures  27  and  28  of  the  main 
report  (see  p.  219)  show  the  results  of  analyses  for  the 
three  model  conditions.  Curve  D  shows  the  theoretical 
rotations  computed  for  the  free  rib  and  curve  E  shows 
the  rotations  measured  with  the  deck  intact.  Rotations 
measured  with  the  continuity  of  the  deck  destroyed  arc 
omitted  in  order  to  avoid  confusion.  These  values, 
however,  check  the  theoretical  values  at  least  as  closely 
as  do  the  values  of  model  analysis  C.  The  fact  that 
curves  C  and  D  check  the  measured  rotations  with  the 
deck  cut  is  further  evidence  of  the  applicability  of  the 
elastic  theory  to  the  design  of  free  arch  ribs. 

The  measured  results  and  the  model  results  A  and  B 
arc  consistently  less  than  the  theoretical  results,  again 
indicating  the  stiffening  effect  of  the  superstructure 
with  its  attendant  possibilities  of  economy. 

The  rotations  of  analysis  B  with  the  floor-beam  con- 
nections of  the  model  replaced  with  celluloid  "links" 
are  consistently  closer  to  the  measured  results  than  are 
those  of  analysis  A  for  the  unmodified  floor  condition. 
In  the  discussion  of  the  stress  curves  it  is  argued  that 
because  the  stresses  of  model  analysis  B  check  the 
stresses  measured  with  the  deck  intact  the  method  of 
modifying  the  floor-beam  connections  of  the  model  was 
successful.  In  the  rotation  curves  under  consideration 
the  model  rotations  B  when  compared  with  the  rotations 
E,  measured  with  deck  intact,  bear  out  this  fact,  al- 
though it  is  not  at  first  apparent.  This  is  because  the 
individual  values  do  not  check.  However,  the  slopes 
are  largely  very  similar,  and  it  is  the  slopes  of  the  curves 
which  are  important.  This  is  true  because  the  slope 
is  directly  proportional  to  the  bending  moment  divided 
by  the  moment  of  inertia  of  the  section,  and,  therefore, 
at  any  particular  point  on  the  arch  axis  where  the  curve 
slopes  are  the  same  the  bending  moments  are  the  same. 
Since  rib  stress  is  very  largely  due  to  moment,  the  rota- 
tion curves  as  well  as  the  stress  curves  indicate  that  the 
model  with  the  floor  modified  corresponded  fairly  closely 
to  the  actual  structure  with  the  deck  intact. 

BEGGS  METHOD  ADAPTED  TO  CHECKING  COMPLICATED  DESIGNS 
WHERE  DEFINITE  CONNECTIONS  ARE  USED 

For  simple  structures  such  as  a  free  arch  rib  the  Beggs 
method  possesses  a  very  high  degree  of  accuracy.  It  is 
easily  possible  to  read  microscope  settings  to  a  half  of  a 
scale  division  of  the  micrometer  head,  which  means,  for 
the  plugs  and  calibration  factors  used  in  this  analysis, 
an  accuracy  of  0.05  foot-pound  for  moment,  0.01  pound 
for  thrust,  and  0.002  pound  for  shear  when  the  influence 
load  is  1  pound.  The  calibration  factors  by  which 
microscope  readings  were  multiplied  in  order  to  reduce 

5  1 

them  to  influence  diagram  ordinates  are  ro  »„>    ^tt^a< 

53.07     39 ./  4 

and  (y—  for  moment,  thrust,  and  shear,  respectively. 

For  complicated  structures  the  accuracy  is  somewhat 
reduced.     It  was  noticeably  more  difficult  to  obtain 
check  readings  on  individual  influence  diagram  ordina 
of  the  A  and  B  analyses  than  for  the  free  rib  condition  C. 

The  effect  of  temperature  is  serious,  particularly  in 
the  case  of  complicated  structures  where  microscope 
readings  are  more  likely  to  be  small  and  where  often- 
times plugs  of  smaller  diameter  differences  must  be 
employed.     The  degree  of  accuracy  which  can  be  ob- 


tained with  the  Beggs  apparatus  will  certainly  be  en- 
hanced by  controlling  temperature  variations  to  a 
greater  degree  than  is  commonly  met  with  in  the  average 
drawing  room. 

The  problem  of  truly  representing  a  given  structure 
by  a  model  is  of  outstanding  importance.  Such  features 
of  construction  as  curtain  walls,  which  are  an  integral 
part  of  the  structure,  can  be  represented  with  consider- 
able accuracy.  In  representing  the  conditions  of  in- 
definite connections  such  as  were  met  with  in  the  case  of 
the  expansion  joints  and  the  bearing-plate  contact 
between  the  deck  and  spandrel  construction  of  the 
Yadkin  River  Bridge,  it  must  be  admitted  that  any 
modification  of  rigid  connections  in  the  model  is  little 
better  than  an  estimate. 

Because  of  this  difficulty,  which  definitely  reduces 
the  Beggs  method  to  the  realm  of  uncertainty  and  which 
is  accentuated  by  the  fact  that  the  effect  of  any  at- 
tempt to  represent  indefinite  connections  varies  with 
the  position  of  load  as  well  as  other  factors,  it  is  felt 
that  where  this  method  is  contemplated  in  design  it 
will  be  well  to  consider  using  definite  connections  in 
the  structure.  Where  this  is  done  there  appears  no 
serious  reason  why  the  method  is  not  well  adapted  to 
checking  designs  of  a  complicated  nature. 

CONCLUSIONS 

1 .  The  behavior  of  the  free  rib  as  calculated  by  the 
elastic  theory  is  in  close  agreement  with  that  deter- 
mined by  the  model  analysis. 

2.  The  model  analysis  shows  that  the  presence  of 
the  superstructure  acts  to  reduce  rib  stresses. 

3.  In  model  analyses  similar  to  that  made  of  the 
Yadkin  River  Bridge  considerable  care  must  be  exer- 
cised to  maintain  a  fairly  uniform  room  temperature 
during  operations. 

4.  It  is  indicated  by  the  relatively  greater  difficulty 
encountered  in  securing  check  results  that  the  accuracy 
of  the  Beggs  method  is  somewhat  decreased  as  struc- 
tures grow  more  complicated. 

5.  Where  the  application  of  the  Beggs  method  to 
design  is  contemplated  provision  should  be  made  for 
definite  connections  in  the  structure.  Otherwise  the 
problem  of  representing  the  structure  by  a  model 
becomes  very  uncertain. 


MOTION  PICTURE  OF  YADKIN  RIVER  BRIDGE  TESTS 
AVAILABLE 

A  motion  picture  showing  details  of  the  Yadkin 
River  Bridge  tests,  reported  in  this  and  the  preceding 
issue  of  Public  Roads  is  now  ready  for  distribution. 
The  picture  has  been  prepared  by  the  Office  of  Motion 
Pictures  of  the  United  States  Department  of  Agri- 
culture for  the  Bureau  of  Public  Roads. 

The  picture  shows  the  method  of  loading,  test  appa- 
ratus in  place,  measurements  being  taken,  and  closes 
with  scenes  taken  during  the  destruction  of  the  bridge 
with  explosive  in  experiments  by  the  War  Department. 

About  20  minutes  are  required  for  showing  the  film, 
which  is  available  for  use  on  specific  dates  upon  the 
condition  that  the  borrower  pay  the  cost  of  transporta- 
tion. Requests  for  the  film  should  be  directed  to  the 
Office  of  Motion  Pictures,  United  States  Department 
of  Agriculture,  Washington,  D.  C. 


Comparing  the  average  tensile  strength  ratio  for 
groups  A  and  B  at  7  and  28  days  (fig.  1),  we  find  that 
the  average  ratio  for  the  feldspathic  group  is  only  73 
per  cent  of  the  corresponding  values  for  the  nonfelds- 
pathic  group  at  7  days  and  only  66  per  cent  of  the  non- 
feldspathic  group  at  28  days.  In  compression  both 
sand  types  yield  mortars  having  about  equal  strengths 
at  both  testing  periods. 

The  tests  show  a  decrease  in  tensile  strength  ratio 
at  28  days  compared  with  that  for  the  7-day  period 
for  mortars  containing  both  types  of  sand.  In  com- 
pression, however,  practically  the  same  strength  ratio 
is  noted  for  both  periods. 
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INFLUENCE  OF  MINERAL  COMPOSITION  OF  SAND  ON 

MORTAR  STRENGTH 

Reported  by  E.  C.  E.  LORD,  Petrographer,  Division  of  Tests,  United  States  Bureau  of  Public  Roads 

Tests  recently  completed  by  the  Bureau  of  Public 
Roads  on  100  samples  of  sands  from  Maine  have  given 
some  indication  of  the  effect  of  certain  mineral  constit- 
uents on  the  strength  of  mortar.  It  should  be  stated, 
however,  that  the  materials  examined  were  obtained 
from  a  relatively  limited  area  and  that  any  deductions 
drawn  from  the  test  results  may  not  necessarily  be 
applicable  to  sands  of  similar  composition  but  deposited 
under  widely  different  conditions. 

While  the  Maine  sands  vary  greatly  in  composition, 
as  previously  reported  by  Leavitt  and  Gowen,1  G7  of 
the  samples  were  found  to  contain  orthoclase  feldspar 
and  quartz  as  essential  constituents  associated  with 
small  quantities  of  mica  and  occasionally  fragments  of 
granite  and  granitic  gneiss.  In  some  cases  small 
quantities  of  sandstone  and  schist  were  also  identified. 
On  the  whole,  these  67  sands  are  distinctly  of  granitic 
origin  and  differ  from  the  remaining  varieties  in  the 
angularity  of  grain,  indicative  of  very  short  transporta- 
tion from  source  of  origin. 

The  remaining  sands,  comprising  33  samples,  were 
composed  essentially  of  rounded  fragments  of  quartz, 
sandstone,  and  slate,  with  varying  quantities  of  shale, 
schist,  and  limestone,  and  were  derived  chiefly  from 
sedimentary  or  metamorphic  rock  formations. 

The  angular  constituents  of  the  granitic  sands  might 
lead  to  the  assumption  that  they  would  yield  greater 
mortar  strength  than  the  more  rounded  sands  from 
sedimentary  rocks,  but  in  regard  to  tension,  at  least, 
this  was  found  not  to  be  the  case.  (See  report  by 
Leavitt  and  Gowen.1)  The  results  of  the  laboratory 
tests  should  not,  however,  be  taken  as  conclusive 
evidence  of  the  superiority  of  the  sedimentary  sands 
over  those  derived  from  granitic  rocks,  as  the  consti- 
tuents of  the  former,  especially  shale  and  slate,  may 
well  be  less  resistant  to  disintegration  under  severe 
atmospheric  conditions  than  the  quartz  and  feldspar 
of  the  granitic  sands. 

Table  1  gives  the  results  of  the  tests  for  both  types  of 
sand.  The  test  specimens  (briquets  and  2  by  4  inch 
cylinders)  were  made  of  1:3  mortar  of  normal  con- 
sistency and  tested  at  7  and  28  days.  Tests  were  also 
made  on  Ottawa  sand  mortar  in  order  to  determine 
the  strength  ratio. 

Only  the  results  of  strength  tests  with  sands  having 
20  per  cent  or  more  retained  on  a  No.  14  sieve  have 
been  tabulated.  Eighty-three  of  the  sands  met  this 
requirement,  while  13  were  found  to  contain  so  much 
clay  and  silt  as  to  be  unsuitable  for  an  analysis  of 
this  character.  In  Table  1  the  83  sands  have  been 
divided  into  the  two  major  groups  according  to  origin. 
Each  group  has  also  been  further  subdivided  accord- 
ing to  the  amount  retained  on  the  No.  14  sieve  to 
bring  out  relations  which  may  exist  between  the 
strength  ratio  and  the  grading  of  the  sand.  These 
values  have  all  been  plotted  in  Figure  1 ,  which  brings 
out  the  interrelationships  existing  between  mineral 
composition,  strength,  and  grading  in  a  very  inter- 
esting manner. 
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Fig.  1. — Relation  Between  Grading,  Mineral  Composition, 
and  .Strength  of  Concrete  Sands.  Group  A  Composed 
Essentially  of  Quartz,  Sandstone,  and  Slate.  Group  B 
Composed  Essentially  of  Quartz,  Feldspar,    \nd  Mica. 

Table  1. — Results  of  tests 

GROUP    \ -SANDS  CONSISTING  ESSENTIALLY  OF  QUARTZ,  SAND- 
STONE,  AND    SLATE 
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i  Mineral  Content  of  Maine  Sands  in  Relation  to  Mortar  Strength,  by  H   Walter 
iavitt  and  John  W.  Gowen.  Proc.  Nat.  Acad.  Sciences,  vol.  13,  No.  6,  June,  1J27. 
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It  is  probable  that  the  inherent  weakness  of  mortar 
made  with  granitic  sand  of  the  types  considered  is  due 
largely  to  the  feldspar  component,  as  the  quartz  is 
perfectly  sound  and  the  mica  is  present  in  quantities 
too  small  to  appreciably  affect  the  mortar  strength. 
Comparing  the  appearance  of  granitic  sand  with  freshly 
crushed  granite  screenings,  it  is  observed  that  the 
flesh-colored  tint  usually  apparent  in  the  fresh  granite 
is  largely  replaced  by  a  grayish  brown  color,  due  to 
oxidation  and  hydration  of  iron  compounds  present  in 
the  granite.  This  coloration  is  an  indication  of  weather- 
ing and  is  confined  generally  to  the  feldspar  constituent 
of  the  sand.  In  some  cases  the  weathering  has  ad- 
vanced so  far  that  kaolin-like  products  of  decomposition 
occur  which  sensibly  decolorize  dilute  aniline  dye  solu- 
tions. The  natural  cleavage  of  the  feldspar,  rendered 
more  pronounced  by  weathering,  causes  the  individual 
feldspar  grains  to  part  readily  when  subjected  to  tensile 
stresses,  thereby  lowering  the  strength  of  the  mortar. 
That  the  tensile-strength  ratio  is  lower  at  28  days' 
than  at  7  days'  curing  may  be  explained  by  presuming 


the  early  strength  to  be  controlled  largely  by  the 
strength  of  the  cement  binder,  regardless  of  the  quality 
of  the  aggregate,  whereas,  later  on,  as  the  cement 
increases  in  strength,  the  inherent  weakness  of  the 
feldspar  grains  becomes  effective  in  reducing  the  nor- 
mal strength  of  the  mortar.  The  weakness  of  the 
feldspathic  grains  at  the  28-day  period  is  apparently 
the  controlling  factor,  entirely  overshadowing  the  effect 
of  grading  which  is  indicated  at  7  days. 

Compression  tests,  however,  indicate  that  the  struc- 
tural weakness  of  the  feldspar  is  largely  overcome  by 
the  angularity  of  the  grains,  which,  when  interlocked 
with  angular  quartz,  produce  mortar  aggregates  offer- 
ing as  great  a  resistance  to  shear  as  the  grams  of  quartz, 
sandstone,  and  shale. 

The  results  obtained  from  this  investigation  indicate 
that  sands  of  the  general  character  of  those  examined 
which  contain  an  appreciable  quantity  of  feldspar  in  a 
more  or  less  weathered  condition  should  be  avoided 
in  mortar  or  concrete  subject  to  tensile  stresses. 


A  PROPOSED  ABRASION  TEST  FOR  SAND  INVESTI- 
GATED 


Reported  by  D.  O.  V/OOLF,  Assistant  Materials  Engineer,  United  States  Bureau  of  Public  Roads 


SANDS  PROPOSED  for  use  in  concrete  are  sub- 
jected to  certain  tests  to  determine  their  suit- 
ability and  to  predict  as  far  as  is  possible  their 
effect  upon  the  quality  of  the  resulting  concrete.  These 
tests  include  a  mechanical  analysis  to  determine  the 
grading  of  the  material,  a  chemical  test  to  detect  the 
presence  of  organic  matter,  a  washing  test  to  determine 
the  amount  of  clay  and  silt  present,  and  a  strength  test 
of  the  sand  mortar.  The  strength  test  is  usually  a 
tension  test  on  mortar  briquets  and  the  results  are 
commonly  expressed  as  the  ratio  between  the  strength 
of  a  mortar  using  the  sand  in  question  and  that  of  a 
mortar  of  the  same  proportions  and  consistency  using 
standard  Ottawa  sand.  This  tensile-strength  test  ratio 
in  many  cases  has  been  considered  to  furnish,  directly, 
an  index  of  the  concrete-making  properties  of  the  sand. 
The  test,  however,  fails  to  accomplish  this  purpose. 

It  is  known  that  the  results  of  the  tension  test  are 
not  dependent  on  the  quality  of  the  sand  alone,  but 
are  affected  to  a  great  degree  by  the  grading  of  the 
sand,  the  amount  of  silt  and  clay,  or  the  presence  of 
organic  or  other  impurities.  These  factors  are  inherent 
in  the  test;  other  factors  such  as  the  consistency  of  the 
mortar  and  the  strength  of  the  cement  used,  the  method 
of  molding,  and  temperature  of  the  mixing  and  storage 
water,  etc.,  may  affect  the  results  to  a  marked  extent, 
but  as  these  can  be  controlled  they  need  not  be  con- 
sidered further  in  this  discussion. 

None  of  the  routine  tests  ordinarily  made  on  con- 
crete sands  directly  determine  the  quality  of  the  sand 
grains.  The  present  practice  in  concrete-road  con- 
struction results  in  the  coarse  aggregate  being  worked 
away  from  the  surface,  and  it  is  apparent  that  sands 
composed  of  hard  and  durable  grains  are  advantageous 
in  order  that  the  mortar  surface  thus  formed  may  resist 
the  abrasive  action  of  traffic.  The  object  of  the  in- 
vestigation  described  in   this  paper  was   to   devise   a 


simple  laboratory  test  which  would  indicate  the  re- 
sistance to  wear  or  abrasion  of  sand  grains.  It  is 
believed  that  if  a  test  can  be  devised  which  will  indicate 
the  quality  of  the  sand  grains  alone  it  will  be  a  great 
improvement  over  the  present  test. 

PROPOSED  ABRASION  TESTS  HAVE  BEEN  UNSATISFACTORY 

In  1915  F.  L.  Roman,  at  that  time  testing  engineer 
for  the  Illinois  Highway  Department,  published  a 
paper  :  describing  an  abrasion  test  for  sand.  The  test 
consisted  of  removing  from  a  sample  of  sand  the  ma- 
terial over  34-inch  and  under  the  50-mesh,  and  sub- 
jecting a  given  weight  of  the  residue  to  the  impact  and 
abrasion  produced  by  a  certain  number  of  small  steel 
balls  when  run  in  the  standard  Deval  abrasion  machine. 
No  effort  was  made  to  eliminate  the  effect  of  grading. 
The  results  were  not  very  reliable  and  the  test  was  not 
generally  adopted. 

In  1925  John  W.  Gowen  and  H.  Walter  Leavitt,  of 
the  University  of  Maine,  published  a  paper  2  describing 
an  abrasion  test  for  sand  which  is  an  improvement  over 
Roman's  original  test  method.  Gowen  and  Leavitt 
used  a  500-gram  sample  of  sand  passing  the  14-mesh 
and  retained  on  the  28-mesh  sieves,  with  an  abrasive 
charge  of  eighteen  %-inch  steel  balls  and  a  test  run  of 
2,000  revolutions  in  the  Deval  machine.  The  material 
passing  the  100-mesh  sieve  after  the  test  run  was  con- 
sidered the  loss  by  abrasion. 

In  the  Roman  test  different  samples  of  sand  can 
not  be  compared  as  to  their  resistance  to  abrasion 
unless  they  have  the  same  grading.  The  Maine 
method  is  open  to  the  objection  that  only  a  portion  of 
the  entire  sand  sample  is  subjected  to  test.  It  has 
not  been  demonstrated  that  any  one  size  of  sand  grain 

Wearing  Tests  for  Sand  and  Gravel,  Good  Roads,  vol.  9,  p.  1S6,  May  1,  1915. 
8  Bulletin  No.  13,  Maine  Technology  Experiment  Station,  A  Method  of  Measuring 
Hardness  and  Durability  of  Sand. 
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is  representative  of  the  entire  material,  and  for  this 
reason  it  seems  desirable  to  include  a  portion  of  each 
size  in  the  sample  as  prepared  for  test.  Table  1  gives 
the  results  of  a  series  of  tests  on  a  local  sand,  each 
size  being  tested  separately,  as  well  as  in  two  definite 
gradings.  These  results  indicate  that  in  order  to 
obtain  directly  comparable  results  between  different 
sands  the  grading  must  be  controlled  and  the  test 
sample  should  be  representative  of  the  major  portion 
of  the  sand. 


Table  1. — Results  of  abrasive 

tests 

on  sands 

of  different  grading 

Grading 

Percent- 
age of 
wear 

H-inch  i  to  10-mesh 

2.8 

10-rnesh  to  20-mesh 

20-mesh  to  30-mesh 

30-mesh  to  40-mesh. __ 

8  0 

40-mesh  to  50-mesh 

14  3 

Coarse  grading  04-inch  to  50-mesh)  2 _ 

9  4 

Fine  grading  (J^-inch  to  50-mesh)  * 

10  9 

1  The  }i-inch  screen  mentioned  in  this  paper  has  round  openings. 

2  The  gradings  used  here  are  as  follows: 


Size 

Percentage  in  test 
sample 

Coarse 

Fine 

li-inch  to  10-mesh_ 

30 
30 
20 
10 
10 

20 

10-mesh  to  20-mesh . 

20 

20-mesh  to  30-mesh 

25 

30-mesh  to  40-mesh 

20 

40-mesh  to  50-mesh 

15 

SATISFACTORY  RESULTS  SECURED  WITH  NEW  METHOD 

To  remove  this  effect  of  grading,  two  methods  were 
proposed;  first,  to  test  all  samples  using  a  certain 
standard  grading;  second,  to  test  the  sample  using 
its  natural  grading  and  to  run  accompanying  tests  on 
a  standard  sand  with  the  same  grading  as  the  sand 
under  test,  expressing  the  results  as  the  ratio  between 
the  percentages  of  wear  of  the  two  sands.  It  was 
decided  to  use  the  first  method.  The  second  method 
mentioned  has  advantages  which  warrant  a  more 
careful  study  of  its  use.  However,  the  lack  of  a  satis- 
factory sand  to  be  used  as  the  standard  of  comparison 
was  the  deciding  factor  against  the  further  investigation 
of  this  method  at  the  present  time. 

The  sieve  analyses  of  over  200  sand  samples  were 
examined  to  select  a  grading  suitable  for  adoption  as 
the  standard.  This  grading  should  be  such  that  it 
corresponds  closely  with  the  sieve  analysis  of  what 
might  be  termed  a  typical  concrete  sand.  It  should 
afford  as  true  an  indication  as  is  possible  of  the  mean 
hardness  or  resistance  to  abrasion  of  the  sand  grains, 
and  should  be  produced  without  an  undue  amount 
of  labor.  Such  a  grading  was  established  and  testing 
of  the  sands  was  begun  to  determine  a  criterion  of 
abrasive  loss,  this  value  to  be  based  upon  the  known 
behavior  of  the  material  in  service  as  well  as  the  char- 
acter of  the  mineral  constituents. 

The  test  is  made  on  samples  weighing  500  grams 
to  the  nearest  tenth  of  a  gram,  prepared  from  sand 
graded  in  the  following  proportions: 


Size  of  grain 


M-inch  to  10-mesh.. 
10-mesh  to  20-mesh. 
20-mesh  to  30-mesh. 
30-mesh  to  40-mesh. 
40-mesh  to  50-mesh. 


Per  cent 


20 
20 
25 
20 
15 


The  sample  is  placed  in  the  standard  Deval  abra- 
sion machine  with  an  abrasive  charge  of  ten  %-inch 
steel  balls  and  run  for  2,000  revolutions  at  a  rate  of 
SO  to  33  revolutions  per  minute.  At  the  end  of  the 
test  run  the  sample  is  removed  from  the  cylinder, 
weighed  to  check  against  loss,  and  tested  on  a  50- 
me^  uBV"  The  am?unt  Passing  this  sieve  is  consid- 
ered the  loss  by  abrasion  and  is  expressed  as  a  percent- 
age of  the  original  weight. 

A  number  of  concrete  sands  were  tested  in  this 
manner  and  the  results  compared  with  the  reported 
service  record  of  the  materials.  These  samples  included 
several  different  types  of  sands  such  as  sands  predomi- 
nating in  quartz  grains,  sands  containing  a  large  per- 
centage of  sedimentary  rock  grains,  and  sands  con- 
taining appreciable  amounts  of  feldspar  and  mica. 
The  majority  of  these  sands  were  routine  samples  sub- 
mitted by  State  highway  departments  in  connection 
with  Federal-aid  road  construction.  Some  abrasion 
tests  were  also  made  on  these  sands,  using  that  portion 
passing  the  20-mesh  and  retained  on  the  30-mesh 
sieve.  Tension  tests  were  also  made  on  samples 
prepared  with  the  same  grading  as  was  used  for  the 
graded  abrasion  samples  in  addition  to  the  routine 
tension  tests  on  the  material  as  received. 

Table  2,  shows  the  percentage  of  wear,  tensile- 
strength  ratio,  and  mineral  composition  of  36  sands 
tested  as  described  above.  These  sands  show  per- 
centages of  wear  varying  from  6  to  19.5  in  the  graded 
abrasion  test,  illustrating  the  great  variation  in  hard- 
ness and  durability  of  sand  grains  that  may  be  en- 
countered in  actual  practice.  It  will  be  noted  that 
the  sands  containing  limestone,  sandstone,  feldspar, 
or   mica  generally   have   a   high  percentage   of  wear. 

Table  2. — Results  of  abrasion  tests  on  graded  sands  arranged  in 
order  of  descending  percentages  of  wear 


Percentage  of 

Tensile 
strength  ratio 

at  28  days 

Sample 
No. 

One- 
sized 
grading 
(No.  20- 
No.  30) 

Pre- 

Mineral composition 

Graded 

pared 

Cl- 

Natural 

grading 

inch- 
No.  50) 

grading 

(M- 
inch- 
No.  50) 

33 

19.5 

123 

116 

Quartz,  chert,  lime  1 

31 

18.9 

119 

116 

Quartz,  chert,  sandstone,  limestone. 

30 

18.2 

137 

113 

Limestone  and  quartz. 

32 

17.5 

113 

130 

Quartz,  chert,  limestone. 

28 

16.4 

106 

105 

Qua]  1?  and  sandstone. 

18 

16.0 

8.5 

113 

112 

Quartz  and  limestone. 

29 

14.6 

98 

105 

Quartz,  sandstone,  limestone. 

16 

14.2 

6.5 

145 

115 

Limestone,  quartz,  sandstone,  chert. 

34 

13.2 

106 

107 

Quartz,  chert,  limestone. 

35 

12.2 

129 

130 

Quartz,  chert,  sandstone,  limestone. 

25... 

12  2 

147 

121 

Limestone,  chert,  quartz. 

7.... 

11.7 

6.6 

Ml 

76 

Quartz,'feldspar,  mica,  granite,  sandstone. 

17... 

11.3 

5.  o 

136 

112 

Quartz,  elicit,  sandstone,  limestone. 

27 

11.3 

122 

1(17 

Quartz,  limestone,  feldspar. 

8 

Id  '.I 

5.3 

102 

94 

Quartz,  feldspar,  mica. 

21... 

10.5 

6.7 

127 

107 

Quai  i/.  chert,  limestone,  sandstone. 

14 

9.8 

2.2 

10!) 

89 

Quartz  and  elicit. 

19 

'J.  (i 

5.7 

100 

104 

Quartz,  chert,  sandstone,  limestone. 

20 

9.3 

6.0 

110 

Ml 

Do. 

3 

9.  2 

7.1 

128 

'.IS 

Quai  tz. 

26 

9.  J 

155 

Limestone,  quartz,  shale. 

5 

9.  l 

3.7 

99 

99 

Quartz,  feldi  par,  chert,  limestone. 

2 

8  s 

4.1 

lis 

His 

Quartz,  with  some  feldspar. 

11... 

x  6 

4.8 

86 

62 

Quai  I/,  feldspar,  mica. 

23 

8  ;, 

3.5 

131 

100 

Quartz,  mica,  feldspar. 

36 

8.0 

11)1 

99 

/.  feldspar,  granite,  limestone 

24 

S.  0 

2  9 

82 

101 

Quartz. 

13... 

3.  5 

102 

si 

Quai  i/  ami  cherl . 

12.   . 

7.6 

3.1 

101 

85 

Do. 

1 

7.0 

3.3 

128 

99 

Quartz. 

9 

7.0 

3.1 

130 

100 

Quartz  ami  etna  1 . 

10 

7.0 

2.1 

103 

Quart;.. 

4 

.    . 

2.  .". 

'.Ml 

101 

Quartz  ami  sandsto 

6 

e  5 

2.2 

119 

113 

Quartz. 

15 

(l  5 

2.9 

111!) 

mi 

Quartz,  chert,  feld  p 

U-- 

6  n 

2.  8 

117 

102 
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Some  of  the  samples  show  both  a  high  percentage  of 
wear  and  a  high  tensile-strength  ratio.  The  high- 
tensile  strength  is  due,  without  doubt,  to  the  coarse 
grading  of  the  sample,  and  the  abrasion  test  furnishes 
the  means  of  guarding  against  misinterpretation  of 
such  results. 

No  relationship  is  found  between  the  results  of  the 
abrasion  test  for  the  graded  samples  and  those  for  the 
one-sized  samples,  except  that  the  latter  is  always 
less.  This  further  demonstrates  the  necessity  of  repre- 
senting the  entire  coarse  material  in  the  test  samples. 
Nor  does  there  appear  to  be  any  relation  between 
the  test  results  for  the  graded  samples  and  the  results 
of  tension  tests  made  on  artificially  graded  samples. 
Although  the  effect  of  grading  has  been  eliminated 
in  these  tension  tests  the  results  are  still  affected  by 
the  shape,  surface  condition,  absorption,  and  mineral 
composition  of  the  grains,  whereas  the  abrasion  test 
is  affected  mainly  by  the  mineral  composition.3 

ADVANTAGES  OF  PROPOSED  TEST  DISCUSSED 

The  abrasion  test  is  proposed  as  a  direct  test  for 
quality  of  sand  grains.  It  is  not  sufficient  by  itself  to 
determine  the  suitability  of  a  sand  for  use  in  concrete, 
but  should  be  used  rather  as  a  supplementary  test. 
To  test  a  sand  for  its  •suitability  for  use  in  concrete,  a 
mechanical  analysis  should  be  made  to  determine  the 
grading,  a  washing  test  to  determine  the  quantity  of 
silt  and  clay,  a  color  test  to  determine  the  presence  of 
organic  compounds,  a  strength  test  to  determine  if  the 
clay  or  organic  compounds  have  a  deleterious  effect 
upon  the  binding  properties  of  the  cement,  and  an 
abrasion  test  to  determine  if  the  sand  grains  are  of 
sufficient  strength  and  durability.  These  tests  will 
furnish  complete  data  regarding  the  suitability  of  a 
sand,  both  as  to  size  and  quality. 

In  a  recent  routine  investigation  of  sand  made  by 
the  Bureau  of  Public  Roads  it  was  found  that  the  resis- 
tance of  mortar  to  failure  through  freezing  is  in  general 
agreement  with  the  percentage  of  wear  of  the  sands 
used  when  the  gradings  of  the  sands  were  approximately 
the  same.     The  results  were  as  follows: 


Sample  No. 

Pereenl 
of  wear 

Reduction 

in  com- 
pressive 
strengl  h 
of  1:2 
mortar 
after  20 
freezings 
ami  thaw- 
ings 

18 

8.0 

11.3 

12.2 
13.2 

i  I  6 
16.5 

18.2 

is.  1 
19  5 

Per  ct  nt 

0 

94 

•/ 

)7 

■( 

16 

s 

'J 

> 

95 .... 

12. __ 

10 

5 
1 

11 

15 

■'  Limited  lests  fail  to  demonstrate  that  the  shape  of  grain  causes  an  appreciable 
variation  in  the  loss  by  abrasion. 


The  chief  advantages  of  this  abrasion  test  are  as 
follows: 

It  is  a  direct  measure  of  the  quality  of  the  sand 
grains. 

The  effect  of  grading  is  eliminated. 

It  is  almost  entirely  free  from  the  personal  equation 
of  the  operator. 

It  furnishes  a  determination  of  the  quality  of  a 
sand  within  a  few  hours. 

Duplicate  tests  check  each  other  very  closely.  The 
mean  variation  between  individual  tests  of  the  same 
material  should  not  generally  be  more  than  5  per 
cent  of  the  average. 

The  grading  used  approximates  that  of  normal  con- 
crete sands  and  samples  usually  may  be  prepared  with 
a  minimum  of  labor  and  material. 

The  choice  of  a  criterion  to  gauge  the  results  has 
been  given  attention.  Comparing  abrasion  test  results 
with  reports  by  field  engineers  on  service  behavior  it 
appears  that  a  percentage  of  wear  of  9  may  be  con- 
sidered as  the  limit  beyond  which  a  sand  should  not 
be  classified  as  excellent.  The  selection  of  a  sand  will, 
of  course,  be  tempered  by  local  conditions  such  as 
the  availability  of  other  sand,  the  general  type  of  sand, 
and  the  purpose  for  which  it  is  used.  For  example, 
in  localities  where  the  sands  contain  a  large  percentage 
of  sedimentary  rock  grains  a  much  higher  limit  must 
be  allowed.  As  a  general  rule,  however,  a  clean,  well- 
graded  sand  having  an  abrasion  loss  of  9  or  less,  when 
tested  as  described  above,  should  prove  satisfactory 
for  use  in  concrete  pavements. 


REPORT  ON  PLAN  OF  HIGHWAY  IMPROVEMENT  FOR 
CLEVELAND  REGIONAL  AREA  NOW  AVAILABLE 

The  report  of  a  plan  of  highway  improvement  in  the 
regional  area  of  Cleveland  by  the  Bureau  of  Public 
roads  and  the  County  Commissioners  of  Cuyahoga 
County  is  now  available  for  distribution.  This  report 
should  be  of  particular  interest  to  those  connected 
with  the  planning  of  future  highway  development  in 
and  around  urban  areas.  In  many  cases  it  will  prob- 
ably serve  as  a  model  in  conducting  similar  work. 

The  investigation  was  undertaken  in  order  to  obtain 
essential  facts  concerning  traffic  and  its  distribution 
on  the  highways  of  the  regional  area,  and  the  condition 
of  present  highway  surfaces,  structures,  and  railroad 
erossftigs  at  grade,  as  a  basis  for  planning  the  develop- 
ment of  new  arterial  highways,  the  reconstruction  and 
widening  of  present  surfaces  and  structures,  and  the 
separation  of  railroad  grade  crossings,  to  serve  present 
and  expected  future  traffic  during  a  period  of  10  years. 

The  first  part  of  the  report  contains  a  summary  of 
the  principal  conclusions,  the  second  the  detailed  data 
of  the  survey  upon  which  the  findings  are  based,  and 
the  third  the  plan  of  highway  improvement. 

Features  of  special  interest  are  the  studies  of  the 
transverse  distribution  of  traffic  on  roadways  as  affected 
by  highway  conditions  and  studies  of  the  effect  on 
speed,  of  traffic  density,  intersections,  and  other  factors. 

Copies  of  the  report  may  be  secured  by  application 
to  the  Bureau  of  Public  Roads. 
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THE  BRADLEY  LANE  EXPERIMENTAL  ROAD 


By  the  Division  of  Tests,  United  States  Bureau  of  Public  Roads 


BRADLEY  LANE  is  a  highway  in  Maryland  near 
the  District  of  Columbia  line,   and  connecting 
Connecticut    Avenue    with    Wisconsin    Avenue, 
which  until  recently  served  as  a  main  traffic  outlet  from 
Washington  to  the  West.     The  thoroughfare  is  3,800 
feet  long  and  has  always  carried  heavy  traffic. 

Prior  to  1911  it  was  maintained  as  a  limestone  mac- 
adam road.  During  the  period  between  1911  and  1915 
various  surface  treatments  were  tried.1  In  1915  the 
macadam  was  widened  and  a  bituminous  macadam 
surface  applied.  In  1923  the  road  was  further  im- 
proved by  the  construction  of  a  concrete  shoulder  along 
the  south  edge  of  the  pavement.  A  general  plan  of  the 
road  at  the  present  time  is  shown  in  Figure  1 .  Figure  2 
shows  in  detail  the  surface  improvements  winch  were 
made  at  different  times. 

SURFACE   TREATMENT  FIRST    APPLIED  IN    1911 

Prior  to  1911  the  concrete  shoulder  on  the  south  side 
of  the  road  had  not  been  constructed  and  the  cross  and 
longitudinal  drains,  shown  in  Figure  1,  had  not  been 
installed.  The  concrete  sidewalk  shown  on  the  north 
side  of  the  road,  however,  had  been  built.  The  width 
of  the  surface  was  10  to  12  feet. 

Numerous  failures,  due  to  an  insufficient  amount  of 
road  metal  and  to  the  absence  of  means  for  removing 
surface  water,  made  the  road  almost  impassable  at 
certain  seasons  of  the  year  during  its  early  life.  This 
difficulty  was  gradually  eliminated  by  the  adjoining 
farm  owners,  who  for  several  years  hauled  in  materials 
and  filled  the  holes  as  the  soft  spots  developed.  By 
1911  the  road  had  developed  into  a  smooth,  well  bonded, 
and  fairly  stable  structure  with  a  smooth  limestone 
wearing  course. 

Surface  treatment  was  first  applied  in  1911.  Two 
types  of  material — semiasphaltic  oils,  and  a  molasses- 
lime  mixture,  were  used  on  locations  as  shown  in  Figure 
2.  The  west  end  of  the  road  (440  feet)  adjoining  Wis- 
consin Avenue  was  not  treated. 

SEMIASPHALTIC    OIL    TREATMENTS     (EXPERIMENT    i) 

Experiment  1  was  divided  into  three  sections,  which 
varied  primarily  in  the  amounts  of  oil  used  and,  to  some 
extent,  in  the  method  of  treatment. 

Before  applying  the  oil  the  limestone  macadam  sur- 
face was  swept  to  remove  dust  and  loose  particles  of 
stone.  The  oil,  which  was  applied  at  a  temperature  of 
170°  F.,  was  spread  by  hand  brooming  and  covered 
with  stone  chips  (three-fourths  to  one-fourth  inch)  after 
each  application.  Rolling  of  the  surface  completed  the 
operation. 

Section  1  began  50  feet  west  of  the  west  rail  of  the 
Connecticut  Avenue  car  tracks,  extended  west  811 
feet  and  comprised  1,216  square  yards.  The  oil  was 
spread  in  two  applications  of  0.61  and  0.31  gallon  per 
square  yard,  respectively,  and  each  application  was 
followed  by  an  application  of  stone  chips.  The  char- 
acteristics of  the  oil  used  are  given  in  Table  1 . 

1  Reports  describing  the  construction  and  behavior  of  these  experiments  are  included 
in  Office  of  Public  Roads  Circulars  98  and  99,  U.  S.  Department  of  Agriculture  Bul- 
letins 105,  257,  407,  and  586,  and  U.  S.  Department  of  Agriculture  Circular  77. 
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Condition  of  Surface  After  Surface  Treatment  in  1911 

Section  2  was  256  feet  long  and  comprised  384  square 
yards.  The  oil  was  spread  in  a  single  application  of 
0.61  gallon  per  square  yard.  Construction  details 
were  identical  with  those  of  section  1. 

Section  3  was  1,188  feet  in  length  and  had  an  area  of 
1,784  square  yards.  The  treatment  of  this  section  was 
identical  with  that  of  section  1. 

Table  1. — Analysis  of  the  refined  semiasphaltic  oil2  used  in  the 
1911  surjace  treatment  oj  experiment  1 

Specific  gravity,  25°/25°  C 0.  972 

Specific  viscosity,  Engler,  100  c.  c,  100°  C__  9.  5 

Per  cent  loss  at  105°  C,  11  hours,  20  grams 2.  1 

Per  cent  loss  at  163°  C,  5  hours  additional .68 

Float  test  on  residue  3  at  32°  C.  (seconds) .  288 

Bitumen  insoluble  in  86°  B.  naphtha  (per  cent) 8.  72 

Fixed  carbon  (percent) 7.36 

Bitumen  soluble  in  carbon  disulphide  (per  cent) 99.  79 

Organic  matter  insoluble  (per  cent) .19 

Inorganic  matter  insoluble  (per  cent) .02 

molasses-lime  mixture  (experiment  2) 

The  molasses-lime  mixture  used  in  experiment  2  was 
selected  because  of  the  fairly  satisfactory  results  secured 
with  a  similar  treatment  at  Newton,  Mass.  This  type  of 
treatment  was  suggested  by  the  knowledge  that  a 
mixture  of  molasses  and  lime  results  in  the  formation 
of  calcium  sucrates  which  are  tough,  sticky  salts,  not 
readily  soluble  in  water.  Laboratory  results  have 
shown  that  properly  proportioned  mixtures  of  molasses, 
lime,  and  rock  dust  or  clay  will  developc  a  high  binding 
value.  Waste  molasses,  known  as  black  strap,  could 
be  obtained  at  a  comparatively  low  cost  at  sugar 
refineries,  and  it  was  thought  that  an  efficient  and 
economical  method  of  surface  treatment  lor  localities 
near  refineries  might  be  developed. 

The  molasses-lime  mixture  experiment,  which  was 
contiguous  to  experiment  1,  was  1,060  feet  in  length, 
averaged  13  feet  in  width,  and  comprised  approxi- 
mately 1,590  square  yards.  At  the  time  of  applying 
the  treatment,  the  macadam  surface  was  well  bonded 
and  in  good  condition,  and  was  swept  and  then  given 

2  Viscous  fluid,  fairly  stable;  contained  some  water. 

3  Granular  surface,  very  viscous,  fairly  sticky. 
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PROFILE 
Figure  1. — -Plan  and  Profile  of  Bradley  Lane  Showing  Drainage  System  Installed  in  1915 


191!  SURFACE  TREATMENT  EXPERIMENTS 


EXPERIMENT  2 


440 


EXPERIMENT  I 


SECTION  3  - 1 1 E 


SEC.2     SECTION  1  =  811 
256' 


UNTREATEO 
MACADAM 


MIXTURE  OF 
MOLASSES  AND  LIME 


92  GAL   SEMI-ASPHALTIC 
OIL  WITH  7-2  INCH  STONE 


SAME  AS  SEC.  3, 


SAME  AS  SEC.  3  EXCEPT-"' 
USING  .61  GAL.  OF  OIL 

1913  SURFACE  TREATMENT  EXPERIMENTS 


EXPERIMENT   I       EXPERIMENT  2 


ORIGINAL  TREATMENTS  OF  1911  MAINTAINED 


438  GAL  OF  COLO  WATER-GAS  TAR  REFINED 
COVERING  SAME  AS  EXPERIMENT  I. 

.53  GAL.  HOT  COAL-TAR  REFINED  j-f  INCH  GRAVEL  COVERING 


1915  PENETRATION  MACADAM 

OIL -ASPHALT  PENETRATION  MACADAM 


-H,200h-  WIDENING' 


xSANO-0IL-6R0UT  PENETRATION  MACADAM 
CONSTRUCTED  3813.5' IN  LENGTH  


1923-24  WIDENING  AND  SURFACE  TREATING 


~|     ORIGINAL  SURFACE  MADE  TO  CONFORM  TO  THE  GRADE  OF  THE  CONCRETE  SHOULOERS 
°      BY  PATCHING  WITH  BITUMINOUS  CONCRETE.    COMPLETED  BY  A  SURFACE  TREATMENT 
gi     OF  0.258  GALLON  OF  OIL  ASPHALT  AND  f-INCH  STONE 

(r']  ■"■  7 s 

45  concrete  shoulder  8  thick  (mix  i  24)/ 

Figure  2. — Plan  and  Details  of  the    Bradley    Lane    Ex- 
periments, 1911  to  1928 


Condition  of  Road  in  May,  1912 

a  light  sprinkling  of  water  to  lay  and  saturate  the 
remaining  dust. 

Laboratory  tests  were  made  to  determine  the  pro- 
portions of  the  materials  to  use  in  the  mixture.  It 
was  found  that  360  pounds  of  lime,  150  gallons  of 
molasses,  and  sufficient  water  to  yield  a  volume  of 
450  gallons  produced  a  mixture  which  was  quite  sticky, 
and  yet  could  readily  be  sprayed  on  the  road  with  an 
ordinary  sprinkler. 

The  method  of  operation  was  crude  and,  as  the  work 
was  done  in  December,  the  difficulty  experienced  in 
mixing  was  largely  increased  by  the  cold  weather  and 
resulting  high  viscosity  of  the  molasses.  The  lime 
was  slaked  in  barrels  to  form  a  thick  cream  and  then 
mixed  with  molasses  and  the  requisite  amount  of  water. 
The  solution  was  then  sprayed  on  the  road  in  an  amount 
sufficient  to  saturate  the  surface  thoroughly,  which 
was  found  to  be  a  rate  of  approximately  0.26  gallon 
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per  square  yard.     As  it  dried  quickly,  it  was  unneces- 
sary to  detour  traffic. 

At  the  time  these  experiments  were  conducted 
traffic  over  the  road  was  classed  as  heavy  for  section  1 
of  experiment  1,  and  as  ordinary  suburban  traffic  over 
the  other  sections. 

Sections  of  the  first  experiment  were  in  only  fair 
condition  one  year  after  construction.  Traffic  was 
concentrated  in  a  single  lane  because  of  the  narrowness 
of  the  roadway,  and  resulted  in  the  formation  of  two 
broad,  shallow  ruts,   particularly  in   the  thick,  mat- 


fillmg  the  worst  depressions  and  when  tamped  into 
place  and  covered  with  a  layer  of  screenings,  developed 
into  a  firm  and  satisfactory  patch.  Additional  bare 
places  were  covered  with  a  light  application  of  water- 
gas  tar  and  screenings.  This  repair  work  greatly  im- 
proved the  condition  of  the  road.  Traffic  for  the  rear 
1913  averaged  232  vehicles  daily. 

Experiment  2,  on  which  the  molasses-lime  mixture 
was  used,  still  showed  evidences  of  the  treatment  one 
month  after  construction  although  several  heavy  rains 
had  occurred.    Later  rains  during  the  year  removed  all 


Applying  Surface  Treatment  in  1911 


covered  sections,  1  and  3,  of  experiment  1.  These 
ruts  developed  primarily  from  the  shoving  of  the  sur- 
face mat,  but  in  a  few  places  because  of  insufficient 
foundation  support.  Sections  1  and  3  suffered  greater 
surface  displacement  than  did  section  2,  on  which  the 
single  application  of  oil  was  spread.  There  is  no  doubt 
that  the  instability  of  sections  1  and  3  was  due  prima- 
rily to  the  use  of  too  much  bituminous  material,  and 
insufficient  stone  chips  since  section  2  remained  in 
excellent  condition. 

An  attempt  was  made  to  stabilize  the  bituminous 
mat  on  a  portion  of  section  1  by  spreading  a  light 
course  of  crushed  rock  over  the  surface.  This  treat- 
ment was  somewhat  effective  but  it  was  not  considered 
sufficiently  successful  to  warrant  its  use  on  the  whole 
of  sections  1  and  3. 

By  the  end  of  1913  excessive  shoving  and  rutting 
had  developed  in  the  traffic  lane  on  these  sections. 
The  bituminous  surface  mat  was  cut  through  for  long 
distances  and  many  depressions  had  occurred.  The 
surface   mat  which  had   been   displaced   was  used  in 


traces  of  it,  and  the  experiment  took  on  the  appearance 
of  the  adjoining  section  on  the  west,  which  had  been 
maintained  as  untreated  macadam. 

SURFACE   TREATMENT   APPLIED   IN    1913 

This  work,  as  shown  by  Figure  2,  consisted  of  sur- 
face treating  both  that  portion  of  the  road  which  in 
1911  had  received  no  treatment  and  also  the  area 
treated  with  the  molasses-lime  mixture. 

The  badly  rutted  and  worn  limestone  surface  was 
first  scarified,  reshaped,  and  rolled,  after  which  a  layer 
of  crushed  limestone,  3  to  33^  inches  thick  when  com- 
pacted, was  added  and  finished  as  a  water-bound 
macadam  surface,  10  feet  wide.  Later  in  the  fall, 
after  the  surface  had  become  thoroughly  bonded, 
bituminous  materials  were  applied  by  means  of  a 
pressure  distributor  and  were  covered  with  a  layer  of 
gravel. 

On  experiment  1  (665  feet  in  length)  refined  coal  tar 
was  applied  hot  at  the  rate  of  0.530  gallon  per  square 
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yard,  and  on  experiment  2,  consisting  of  835  feet  ad- 
joining on  the  east,  0.438  gallon  per  square  yard  of 
water-gas  tar  was  used.  Analyses  of  the  tars  used  are 
given  in  Table  2. 

One  year  after  construction  these  two  experiments 
on  the  west  end  of  Bradley  Lane  showed  the  detri- 
mental effect  of  concentrated  traffic.  Large  quantities 
of  building  material  were  being  hauled  by  horse-drawn 
steel-tired  vehicles.  Vehicles,  in  passing,  were  com- 
pelled to  run  off  the  road  metal,  causing  excessive 
wear  and  breaking  down  on  the  edges,  thereby  reducing 
the  effective  road  width. 

By  1915  the  condition  of  the  entire  road  had  become 
such  that  it  was  impossible,  with  ordinary  maintenance 
methods,  to  prevent  the  occurrence  of  rutting  in  appre- 
ciable amounts,  the  formation  of  potholes  and  shearing 
and  cutting  of  the  edges  by  traffic.  Insufficient  width 
of  pavement,  lack  of  adequate  foundation,  and  lack  of 
artificial  drainage  were  considered  as  causing  the  unde- 
sirable conditions  referred  to.  It  is  probable  that  the 
large  volume  of  steel-tired  traffic  caused  a  more  rapid 
deterioration  than  would  have  been  the  case  with 
rubber-tired  traffic  which,  at  about  this  time,  began  to 
replace  the  steel-tired  traffic.  The  old  experiments  were 
discontinued  and  arrangements  made  to  rebuild  the 
road  as  a  bituminous  macadam  constructed  by  the 
penetration  method. 

Table  2. — Analyses  of  tars  used  in  the  1918  surface  treatment 
experiments 


Experi- 
ment 1 

Experi- 
ment 2 

(') 

1.204 
92 

(2) 

Specific  gravity,  25°/25°  C...                         

1.121 

Float  test  at  32°  C .  (seconds) ...                    

17.5 

Free  carbon  (per  cent).  ..     - 

14.93 

3.33 

Distillation,  per  cent  by  weight: 

Water 

3  1.3 

Trace. 

0.4 

»  11.9 

"6.3 

«79.8 

Trace. 

110°  C     . 

<0.2 

110°-170°  C. 

»2.4 

170°-270°  C 

«24.3 

270°-315°  C 

*  12.4 

Fitch  residue ...    .  ...    .  .  ..  ...  .. 

60.2 

Total 

99.7 

99.5 

1  Refined  coal  tar. 

2  Refined  water-gas  tar. 

3  From  leaky  coils  in  tank  car. 
*  Clear. 


s  Turbid. 

0  Four-fifths  solid. 
'  One-fourth  solid. 

1  Fairly  glossy;  brittle. 


BRADLEY  LANE  RECONSTRUCTED  IN  1915 

The  work  consisted  of  installing  an  artificial  drainage 
system  for  removing  the  free  water  and  the  construc- 
tion of  a  bituminous  penetration  macadam  wearing 
surface.  As  shown  by  Figure  2,  the  new  pavement 
was  made  16  Yi  feet  wide  throughout  the  eastern  portion 
of  the  road  (2,404  feet)  and  15  feet  wide  throughout 
the  western  portion  (1,409.5  feet). 

Considerable  effort  was  made  to  secure  better 
drainage  by  increasing  the  stability  of  the  foundation. 
A  French  drain  with  4-inch  tile  was  placed  at  a  depth 
of  approximately  2  feet,  11*^  feet  from  the  center  of 
the  road  on  the  south  side,  for  a  distance  of  3,646  feet. 
All  existing  culverts  were  cleaned  out,  and,  where 
necessary,  the  inlets  and  outlets  paved  with  spalls. 
The  two  catch  basins,  which  were  deemed  inadequate, 
were  reconstructed  and  enlarged  and  were  supple- 
mented bv  the  addition  of  two  new  ones  at  other 


points.  Figure  1  shows  the  plan  of  the  drainage 
structures  upon  completion  of  the  work  done  in  1915. 

Prior  to  constructing  the  new  wearing  course,  the 
old  surface-treated  road  was  scarified,  reshaped,  and 
widened  by  the  addition  of  new  material  to  form  the 
foundation  course  for  the  new  surface. 

After  the  foundation  course  was  thoroughly  com- 
pacted by  rolling,  the  new  wearing  surface  was  con- 
structed. With  the  exception  of  a  200-foot  section, 
the  new  wearing  surface  consisted  of  a  3-inch  layer  of 
limestone  (loose  measure)  constructed  as  an  ordinary 
penetration  macadam.  One  and  one-half  gallons  of  oil 
asphalt  per  square  yard  was  applied  to  the  compacted 
limestone  surface  after  which  screenings  were  spread 
and  the  surface  rolled.  A  seal  coat  of  approximately 
one-half  gallon  per  square  yard  of  the  same  bituminous 
material  and  limestone  chips  was  added. 

In  the  construction  of  the  200-foot  section  referred 
to  (stations  19  to  21),  it  was  decided  to  deviate  from 
the  straight  penetration  method  by  adding  sand  to 
the  hot  oil  and  applying  it  as  a  grout.  The  section 
was  divided  into  two  parts,  one  containing  50  per  cent 
of  sand  by  volume  in  the  mix  and  the  other  33  per 
cent.  Some  difficulty  was  encountered  in  obtaining  a 
uniform  mixture  of  sand  and  oil  and  also  in  obtaining 
proper  penetration  of  the  grout.  The  amount  of 
bitumen  used  was  1.83  gallons  per  square  yard  and 
the  slight  saving  in  bituminous  material  was  less  than 
the  cost  of  heating  and  mixing  the  materials.  During 
the  year  following  construction  no  distinction  was 
apparent  either  in  appearance  or  behavior  between 
this  section  and  the  plain  penetration  macadam.  In 
subsequent  maintenance  the  whole  project  has  been 
considered  as  a  single  experiment,  no  account  being 
taken  of  the  variation  in  construction. 

The  same  bituminous  material  was  used  throughout 
the  experiment,  the  analysis  of  which  is  given  in  Table  3. 
The  cost  of  construction,  exclusive  of  the  wearing 
course  was  27.6  cents  per  square  yard.  The  wearing 
surface  cost  32.84  cents  per  square  yard  for  the  straight 
penetration  and  39.42  cents  for  the  sand-oil  grout 
method. 

The  top  dressing  of  limestone  chips  rapidly  ground 
up  under  traffic,  leaving  the  wearing  course  stone 
visible  over  the  entire  road.  In  July,  1916,  it  was  given 
a  surface  treatment  of  residual  asphaltic  petroleum, 
the  characteristics  of  which  are  given  in  Table  4.  The 
oil  was  applied  at  the  rate  of  0.195  gallon  per  square 
yard  and  covered  with  a  hard,  waterworn,  river  gravel 
five-eighths  inch  in  size.  The  cost  of  this  treatment  was 
7.29  cents  per  square  yard. 

In  the  spring  of  1917  the  surface  was  in  excellent 
condition.     No    distinction    was    apparent    either    in 

Table  3. — Analysis  of  the  oil  asphalt  *  used  in  the  penetration 
macadam  experiment  of  1915 

Specific  gravity,  25°/25°  C 1.  024 

Melting  point  (°  C.) 50 

Penetration,  25°  C,  100  gm.,  5  seconds 105 

Loss  at  163°  C,  5  hours,  20  grams  (per  cent) 0.  19 

Penetration  of  residue  4 64 

Bitumen  insoluble  in  86°  B.  naphtha  (per  cent) 25.  77 

Fixed  carbon  (per  cent) 15.  74 

Soluble  in  carbon  disulphide  (per  cent) 99.  70 

Organic  matter  insoluble  (per  cent) .18 

Inorganic  matter  insoluble  (per  cent) .  12 

1  Fairly  hard,  glossy,  sticky  semisolid. 
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Table  4. — Analyses  of  residual  asphaltic  petroleums  used  in 
surface  treating  Bradley  Lane 


1916 

1919 

1924 

Specific  gravity,  25°/25°  C. 

13.  5 

28 

0.988 
16.0 

1.  006 
53.4 

Specific  viscosity,  Engler,  50  c.  c,  100°  C 

Float  test,  50°  C.  seconds. 

Float  test,  32°  C.  seconds- 

54 
64 

13.1 

175 
17.5 

355 
210 

0.52 
129 

19.2 

Flash  point,  °C 

Loss,  163°  C .,  5  hours,  20  grams,  per  cent 

17.31 

151 

18.63 

11.25 

99.89 

.08 

.  03 

Float  test  on  residue,  50°  C.  seconds 

Bitumen  insoluble  in  86°  B.  naphtha,  per  cent 

Fixed  carbon,  per  cent 

Soluble  in  carbon  disulphide,  per  cent 

99.90 
.10 
.00 

99.90 
.  10 
.00 

Organic  matter  insoluble,  per  cent 

Inorganic  matter  insoluble,  per  cent 

concrete  shoulder  along  the  south  edge  4J/£  feet  wide 
and  approximately  8  inches  thick.  The  shoulder  was 
built  to  a  new  grade  winch  was  adjusted  to  allow  for  a 
layer  of  bituminous  concrete  on  the  old  surface  and  a 
reduced  crown.  The  layer  of  bituminous  concrete  varied 
from  one-half  inch  to  as  much  as  2]/2  inches  in  thick- 
ness, due  to  the  variation  in  the  crown  and  grade  of  the 
macadam.  The  new  bituminous  surface  had  a  rough  and 
nonuniform  appearance,  which  was  eliminated  in  1924  by 
applying  a  surface  treatment  consisting  of  0.258  gallon 
per  square  yard  of  hot  oil  asphalt  and  34-iuch  stone. 
The  surface  has  since  continued  to  remain  in  good 
condition  generally.     The  maintenance  has  consisted 


Present  Condition  of  Bradley  Lane.     The  Drainage  on  the  Left  is  Toward  the  Road  Surface 


appearance  or  wear  between  the  plain  penetration 
macadam  and  the  sand-oil  grouted  sections.  The 
maintenance  cost  for  1917  was  0.2  cents  per  square 
yard  and  for  1918  was  1.02  cents.  The  maintenance 
work  consisted  in  strengthening  and  repairing  the 
surface  in  local  places,  using  a  coal-tar  product  and 
stone. 

In  1919  the  roadway  was  given  a  surface  treatment 
of  hot  residual  asphaltic  petroleum  applied  at  the  rate 
of  0.248  gallon  per  square  yard  and  covered  with 
^2-inch  stone  chips. 

In  spite  of  a  large  increase  in  traffic,  the  maintenance 
costs  remained  relatively  low,  being  0.38,  1.99,  and  0.83 
cents  per  square  yard  for  the  years  1920,  1921,  and 
1922,  respectively.  The  average  number  of  vehicles 
passing  over  the  road  daily  had  increased  to  such  an 
extent  that  it  became  necessary  to  provide  a  wider 
surface,  which  was  done  in  1923. 

ROADWAY   WIDENED  IN    1923 

In  1923  the  roadway  was  widened  to  approximately 
21  feet  throughout  its  length  by  the  construction  of  a 


only  of  light  patching,  no  surface  treatments  having 
been  required  since  1924.  Figure  3  shows  the  average 
daily  traffic  passing  over  the  road  during  the  years 

1915  to  1922,  inclusive,  and  for  1927,  together  with  the 
accumulated  annual  cost  of  maintenance.  The  low 
maintenance  cost  during  the  last  few  years  is  remark- 
able in  view  of  the  large  increase  in  traffic.  The  aver- 
age number  of  vehicles  increased  from  279  in  1915  to 
1,048  in  1922  and  to  3,139  in  1927.     During  the  years 

1916  to  1922,  when  the  pavement  was  only  16%  feet 
wide,  the  average  annual  maintenance  cost  per  mile 
per  average  daily  vehicle  was  approximately  51  cents, 
while  during  the  years  1924  to  1927  the  corresponding 
cost  for  a  21-foot  width  was  only  35  cents.  The  annual 
maintenance  cost  per  daily  vehicle  mile  lor  the  years 
1916  to  1928  is  given  in  Table  5  and  Table  6  gives  the 
cost  and  description  of  the  work  done. 

In  considering  these  costs  it  should  be  remembered 
that  prices  for  labor  and  materials  increased  greatly, 
resulting  in  a  greatly  decreased  purchasing  power  of  the 
dollar,  during  the  period  covered  by  this  report.  The 
costs  for  the  later  years  therefore  arc  not  directly  com- 
parable to  those  of  the  earlier  years. 
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The  traffic  in  1927  was  ten  times  that  of  1915  and  it 
will  probably  continue  to  increase  in  the  future.  The 
present  condition  of  the  macadam  is  generally  good 
except  for  a  few  places  were  slight  settlement  has 
occurred.  How  long  the  macadam,  which  up  to  this 
time  has  proved  sufficiently  stable  to  overcome  lack  of 
drainage,  will  continue  to  support  further  increased 
traffic  can  not  be  estimated.  However,  in  view  of  the 
present  condition  of  the  road  it  is  reasonable  to  expect 
that  under  existing  conditions  it  will  continue  indefi- 
nitely to  give  good  service  at  a  moderate  maintenance 
cost.  The  present  condition  of  the  road  is  shown  by 
the  illustrations. 
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Table  5. — Average  annual  maintenance  cost  per  vehicle-mile 


Year 

Area 

Mainte- 
nance 
cost  per 
square 
yard 

Average 
daily 
traffic 

Annual 
cost  per 

daily 
vehicle 

mile  ' 

1915_ 

Sq.  yds 
(2) 

6,788 
6,788 
6,788 
6,788 
6,788 
6,788 
6,788 
« 

8,678 
8,678 
8,678 
8,678 

Cents 

1916   

7.29 
.20 

1.02 

15.38 

.38 

1.99 
.83 

485 
550 
615 
615 
750 
910 
1,048 

$1,415 
034 

1917 

1918 

1919 

2  353 

1920 

048 

1921 

205 

1922__ 

1923 

1924.. 

21.96 
3.44 
3.16 
1.03 

»  1,  900 

»  2,  300 

3  2,  750 

3.139 

1  382 

1925 

1926-- . 

1927 

040 

Table  6. — Description  and  cost  of  work  done  on  Bradley  Lane 
from  1915  to  January,  1928 


C3 
CD 

<! 

33 

P. 

a 

_o 

o"3 

S3 
■s1* 

a  <d 

o  £3 
a  3 
i-  a 

"o 

t/i 
o 
O 

Maintenance 

CD 

Surface  treatments 

o 

03 
3 
D" 

-w  03 

"o 

*C3 

03 

03 
3 
O" 
CO 

03 
O 

o 

"3 

"o 
E-i 

woo 

pS 

Year 

Bituminous  material 

Covering 

CD 
M 
C3 
3 
O" 

u.  *-* 

&>> 

o 
O 

03° 

Is 
«a 

8° 
v  _ 

*a 

o 

1915.. 

Sq. 

yds. 

6,788 

6,788 

6,788 
6,788 
6,788 

6,788 
6,788 
6,788 

If',,  7s.s 
\l,890 
8,678 

8,678 
8,678 
8,678 

Cents 
i  60.  74 

Cents 

Cents 

Cents 

Cents 
60.74 

1916.. 
1917.. 

Residual  asphaltic  pe- 
troleum ,  0. 195  gallon 
per  square  yard. 

Pea  gravel. ._ 

7.29 

0.20 
1.02 
.62 

.38 
1.99 
.83 

7.29 

.20 
1.02 
15.38 

.38 
1.99 

.83 

68.03 
68.23 

1918.. 

69.25 

1919.. 
1920.. 

Residual  asphaltic  pe- 
troleum, 0.248  gallon 
per  square  yard. 

J4-inch  stone 

14.76 

84.63 
85.01 

1921.. 

87.00 

1922.. 

87.83 

1923.. 

»  44. 13 
3  403.68 

} 

210.  27 

1924.. 
1925.. 

1 
Oil  asphalt  (hot),0.258 

gallon    per    square 

yard. 

M-inch  stone 

10.60 

11.36 

3.44 
3.16 
1.06 

21.96 

3.44 
3.16 
1.06 

232.  23 
235. 67 

1926.. 

238.83 

1927.. 

239. 89 

i  Widening  pavement  from  approximately  10  feet  to  l&A  feet  and  surfacing  as  pen- 
etration macadam. 

2  Heavy  patching  on  original  surface  required  to  bring  the  grade  to  that  of  the  con- 
crete shoulder. 

3  Constructing  concrete  shoulder  approximately  i]4.  feet  wide  on  the  south  side. 

Table  7. — Pavement  thickness  and  classification  of  soil  samples1 


North  side 

Center 

South  side 

M 

s 

a  3 

s 

CD 
> 
03 

Classification 

i 

3 

—  a> 

a 

CD 

> 

03 
An 

Classification 

i 

3 

+^  w 

a 

CD 
03 

Classification 

Station 

Field  mois- 
ture content 

°l 

Field  mois- 
ture content 

.a  o 

03  >- 

Field  mois- 
ture content 

>>  . 

f-  o 

0+50... 
3+50... 
6+00. .  . 

Inches 
12 

WH 

13 
12 
11 
12 

7 

12M 
10 
10 

* 

m 

8 

m 

Wet  3  * 

do.8*.... 
Rocky  s 
Wet 

4 
4 
3 
4 
4 
4 
6 
4 
4 
2 
4 
4 
4 
4 
4 
4 

Inches 

12 
7 

14 
•    9 

12 

12M 

Wet  3* 

do.".... 

Rocky  • 

4 
4 

Inches 
12 
13H 
15 
12 
15 

Wets* 

Rocky  3 
do.* 

Wet 

do 

..  do    . 

4 
4 

8+50.  .. 

No  sample. . 
do 

5 

11+00.. 

Plastic. 

4 

13+50.. 

...do 

2 

16+00.. 

Plastic 

Wet 

9H 

ii 

..  do 

12 
12 

ny2 

13 
10 
8 

14J4 
12 
14 
10H 

Plastic 

do 

do 

Wet 

fi 

18+50.. 

do 

4 

21+00.. 

Plastic 

WTet 

do  - 

4 

23+50.. 

..do... 

4 

26+10.. 

Plastic 

Wet* 

do 

do.* 

do.* 

Wet 

n 
n 
n 

12 

12 

do 

4 

28+50.. 

...do... 

Wet  *                  4 

31+00.. 

...do....    . 

.  do  ..              4 

33+50.. 
36+00.. 

.  —  .do 

...do 

do 

do.* 

Rocky 

4 
1 

37+97.. 

VA 

do... 

4 

1  Average  annual  cost  per  daily  vehicle  mile  for  years  1916  to  1922,  inclusive,  $0,513; 
for  years  1924  to  1927,  inclusive,  $0,351. 
1  Reconstruction. 
•  Estimated. 

STUDY   MADE  TO  DETERMINE   EFFECT   OF  SUBGRADE   VARIABLES 

In  making  a  subgrade  study  during  the  fall  of  1927 
holes  were  cut  through  the  pavement  at  points  near 
each  edge  and  at  the  center  every  250  feet.  The  thick- 
ness of  the  pavement  as  thus  obtained  is  given  in  Table 
7  and  Figure  4.  At  the  center  it  ranged  from  7  to  14 
inches  in  thickness  with  an  average  of  10.9  inches.  On 
the  south  side,  where  heavy  patching  was  made  follow- 
ing the  construction  of  the  concrete  shoulder  in  1923, 


1  Unless  otherwise  indicated,  soil  samples  were  taken  on  the  earth  shoulder  just 
outside  the  pavement  slab. 

2  Obtained  by  cutting  through  pavement  slab. 

3  Sampled  from  holes  through  pavement  slab. 
*  Micaceous. 

5  Unable  to  get  sample. 

the  thickness  varied  from  8  to  15  inches  and  averaged 
12.5  inches.  On  the  north  side  it  was  slightly  less  than 
that  of  the  center,  varying  from  7  to  13  and  averaging 
10.2  inches.  These  depths  do  not  include  such  granular 
material  as  was  foimd  to  have  been  wrorked  into  the 
subgrade  soil.  In  some  cases,  even  to  depths  of  1  foot 
below  the  pavement,  stone  fragments  of  3-inch  maxi- 
mum size  were  found  to  be  present  in  amounts  sufficient 
to  resist  the  penetration  of  both  the  auger  used  for 


February,  1920 


PUBLIC    ROADS 


NORTH    SI8E   OF  ROAD 


231 


SOUTH   SIDE  OF  ROAD  NORTH   SIDE  OF  ROAD 


SOUTH  SIOE  OF  ROAD 


STA.  21*00 


STA.  3*50 


4P=I°5       iB^!/        7H'3 


STA. 23*50 


STA.  26*10 


STA.  28*50 


*ti 


STA.  11*00 


/.r^ll         4;  CH 1 2"       7"r^lji^— °    *   »l 


STA.  13*50 


V   -  ■<  *T 


STA.  16*00 


g'/l.    '   ^ 


STA. 36*00 


J3;^»      i;Pi<!     4?Ln^i- 


[ 


STA.  18*50 


SIDEWALK -| 


^CONCRETE  SHOULDER 


jl==7  41 


ii?     4  P^  iy  L 


STA. 37*97 

CONCRETE  SHOULDER- 


3|  BSj;      Vf^ioJEi*Z3" 
ROCKY 


LOCATION  AND  LABORATORY  GROUPING  OF  SOIL 
SAMPLES. 


TREATED  THICKNESS'^ T^f  12'=  PAVEMENT  THICKNESS 
TREATED  -^        ~ —  UNTREATED 


Figure 


Eh 

4,-Cross  Sections  of  Bradley^  Lane  ShowingIPavement  Thickness  and  Location  of  Soil  Samples 


232 


PUBLIC    ROADS 


Vol.  9,  No.  12 


securing  soil  samples  and  a  crowbar.  The  thickness  of 
the  bituminous  wearing  surface  was  found  to  be  quite 
uniform,  averaging  4.4lnches  in  depth. 

The  drainage  on  this  road  has  been  bad  throughout 
most  of  the  period  covered  by  the  experiments.  The 
improvements  in  drainage  made  in  1915  were  of  tem- 
porary value  only,  as  the  gradual  building  up  of  the 
adjacent  property  resulted  in  a  decided  change  in 
topography.  Not  only  was  the  artificial  drainage 
affected  but  the  natural  drainage  as  well.  The  road 
surface,  which  formerly  had  some  natural  drainage, 
now  serves  to  a  large  extent  as  a  drain  for  the  adjoining 


area. 


The  south  side  of  the  road  lies  in  a  cut  throughout  its 
length  except  for  a  short  distance.  In  building  the 
concrete  shoulder  the  cut  was  not  widened,  with  the 
result  that  the  south  edge  of  the  pavement  extends  to 
the  toe  of  the  slope  eliminating  the  shoulder  ditch. 
Surface  water,  which  formerly  was  drained  away  from 
the  edge  of  the  pavement,  now  flows  directly  to  it. 
The  French  drain,  which  lies  almost  directly  under 
the  edge  of  the  pavement,  slowly  carried  off  the  water, 
which  no  doubt  affects  the  support  of  the  subgrade 
near  the  edge.     On  the  north  side  of  the  roadway  the 


however,  from  the  subgrade  under  the  pavement  were 
found  to  be  similar  to  that  obtained  from  either  one 
side  or  both  at  the  same  station.  As  the  samples  were 
taken  the  field  moisture  content  was  determined  and 
from  this  information  they  were  grouped  roughly  into 
three  classes,  wet,  plastic,  or  dry.  The  data  obtained 
are  given  in  Figure  4  and  Table  7. 

Observations  made  at  the  time  the  samples  were 
taken  revealed  two  phases  of  fine  silty  loam,  one 
highly  micaceous  and  the  other  only  slightly  so.  The 
former  was  found  to  occur  principally  between  stations 
0  and  8  and  in  the  vicinity  of  station  35.  The  soil 
ranges  from  a  dark  gray  to  a  greenish-gray.  The 
slightly  micaceous  soil  was  a  reddish  brown  and,  in 
place,  gave  the  appearance  of  lack  of  supporting  value 
when  wet.  Below  2  feet,  the  soil  grades  into  a  red 
clay  subsoil.  Typical  analyses  of  the  soils  are  given 
in  Table  8. 

Table  8. — Typical  analyses  of  subgrade  soils 


Lower 

liquid 

limit 

Lower 
plastic 
limit 

Plastic 
index 

Shrinkage 

Moisture 
equivalent 

Limit 

Ratio 

Centri- 
fuge 

Field 

36 
32 
37 
39 
48 
49 

36 
20 
27 
24 
27 
29 

0 
12 
10 
15 
21 
20 

29 
19 
26 
23 
22 
21 

1.4 
1.7 
1.5 
1.6 
1.6 
1.7 

14 
23 
20 
26 
32 
39 

32 
25 
30 
29 
35 
45 
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4 
10 

6 
10 
22 
41 
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Present  Condition  of  Bradley  Lane  at  a  Point  Where 
Drainage  is  Toward  the  Road  from  Both  Sides 

sidewalk,  which  is  a  trifle  higher  than  the  surface,  forms 
a  curb  with  the  macadam  surface  as  a  gutter.  Due 
to  the  comparatively  flat  grade,  water  stands  in  this 
gutter  for  some  time  after  a  rain.  Although  a  few 
depressions  have  occurred  on  this  side,  caused  no  doubt 
by  the  seepage  of  some  of  this  water  into  the  founda- 
tion, there  is  little  evidence  to  indicate  that  the  presence 
of  free  water  is  seriously  jeopardizing  the  life  of  the 
pavement.  A  comparison  of  Table  7  and  Figure  4 
shows  no  relation  between  the  slab  thickness  and  the 
apparent  maintenance  and  drainage  conditions. 

Soil  samples  were  taken  from  the  test  holes  at  the 
center  and  side  of  the  road  at  stations  0  +  50  and  3  +  50 
and  at  the  other  250-foot  intervals  they  were  taken 
only  from  holes  just  beyond  the  edge  of  the  pavment 
on  each  side.  The  samples  were  taken  along  the  sides 
of  the  road  because  the  incorporation  of  stone  frag- 
ments in  the  subgrade  under  the  pavement  made 
sampling  at  these  locations,  except  as  noted,  im- 
practical.   Such  small  amounts  of  soil  as  were  obtained, 


According  to  this  table  the  subgrade  soils  vary  widely 
with  respect  to  affinity  for  moisture,  range  of  plas- 
ticity, and  volumetric  shrinkage.  Comparing  the 
centrifuge  moisture  equivalent  with  the  shrinkage 
limit  values,  one  sees  that  the  Group  1  soils  gave  up 
their  moisture  most  readily,  retaining  after  centrifuging 
less  than  half  the  moisture  contained  at  the  shrinkage 
limit  where  the  soil  has  its  minimum  volume.  The 
soils  of  Group  3  gave  up  moisture  readily  but  not  to  the 
same  extent  as  those  of  Group  1.  The  soils  of  the  other 
groups  in  contrast  failed  to  give  up  moisture  so  readily. 
A  centrifugal  force  of  one  thousand  times  gravity  failed 
not  only  to  reduce  the  moisture  content  to  the  shrink- 
age limit  but  also  to  the  lower  plastic  limit,  above  which 
the  supporting  properties  of  soils  rapidly  decrease.  The 
variation  in  the  plasticity  index  indicates  a  variation  in 
the  clay  content  of  the  soils.  Accepting  the  lineal 
shrinkage  values  of  3  and  5  as  the  boundaries  between 
low  and  medium  and  medium  and  high  shrinkage, 
respectively,  the  volumetric  shrinkages  shown  in 
Table  8,  translated  into  terms  of  lineal  shrinkage,5 
show  the  soils  of  Groups  1  and  3  to  have  low  shrinkage, 
those  of  Groups  2  and  4  to  have  medium  shrinkage,  and 
those  of  Groups  5  and  6  to  have  high  shrinkage  prop- 
erties. 

In  addition  to  the  differences  just  discussed,  the  test 
results  in  Table  8  show  the  soils  of  Groups  1,3,  and  6, 
to  be  sufficiently  spongy  to  interfere  with  the  proper 
compaction  of  a  water-bound  macadam  pavement  oi 
base  and  their  efficiency  after  construction.  This 
sponginess  is  indicated  in  slightly  different  ways,  de- 

8  Lineal  shrinkage  values  of  3  and  5  correspond  to  volumetric  shrinkage  values  of 
10  and  18,  respectively. 
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pending  upon  the  soil.  For  instance,  according  to  the 
test  results,  the  Group  1  soils  consist  of  fine  sand  or 
coarse  silt  containing  an  appreciable  percentage  of 
coarse,  flat  flakes.  The  plasticity  index  of  zero  and  the 
low  moisture  equivalent  of  14,  both  show  the  absence 
of  clay.  The  presence  of  flat  particles  only  can  explain 
the  relatively  high  field  moisture  equivalent  of  32  and 
lower  liquid  limit  of  36  in  the  absence  of  fine  silt  or  clay 
particles.  This  is  substantiated  by  the  high  shrinkage 
limit  of  29,  since  a  round-grained  sand  only  in  its  loosest 
possible  state  could  have  a  void  volume  represented  by 
this  percentage  of  moisture  content.  This  type  of  soil 
is  spongy  when  either  wet  or  dry. 

According  to  the  test  results,  the  soils  of  Groups  5  and 
6  are  fine  micaceous  silts  or  coarse  clays.  Those  of 
Group  6  contain  a  larger  percentage  of  small  flat 
particles  than  those  of  Group  5.  The  high  plasticity 
indices  of  20  and  21  indicate  the  absence  of  coarse 
particles.  The  relatively  low  centrifuge  moisture 
equivalent  of  32  of  the  Group  5  soils  compared  with 
the  high  liquid  limit  of  48  indicates  the  absence  of  very 
fine  clay  particles  (less  than  about  0.002  millimeter). 
The  higher  centrifuge  moisture  equivalent  of  the 
soils  of  Group  6  as  compared  with  that  of  Group  5 
soils  could  be  explained  by  higher  clay  content,  substitu- 
tion of  fine  for  coarse  clay  particles,  or  presence  of 
more  flat  particles.  Of  these  three  possibilities,  the 
first  is  excluded  by  absence  of  increase  in  the  plasticity 
index;  the  second  is  excluded  because  only  the  presence 
of  flat  particles  can  cause  the  field  moisture  equivalent 
to  increase  at  a  faster  rate  than  the  centrifuge  moisture 
equivalent.  Furthermore,  these  flat  particles  must  be 
relatively  small  (less  than  about  0.10  millimeter), 
otherwise  the  plasticity  index  would  be  appreciably 
reduced.  An  increase  in  the  percentage  of  flat  particles 
sufficient  to  cause  the  field  moisture  equivalent  to 
increase  from  35  to  45  while  the  plasticity  index  remains 
unchanged,  is  sufficient  to  increase  very  much  the 
spongy  properties  of  the  subgrade  soil. 

The  predominating  soil  type  (Group  4)  is  a  silt  loam 
containing  a  small  percentage  of  both  clay  and  mica. 
Soils  of  this  type  are  not  as  spongy  as  those  of  Groups  1, 
3,  and  6,  nor  quite  as  firm  as  the  soils  of  Group  5. 

SUBGRADE    VARIABLES    FOUND    TO    BE    LARGELY    ELIMINATED    BY 
STAGE   CONSTRUCTION 

The  extent  to  which  water  capacity,  plasticity,  and 
shrinkage  of  soils  exert  an  influence  on  subgrade 
behavoir  depends  upon  field  conditions.  Spongy 
support,  in  contrast,  is  dependent  upon  the  presence 
of  certain  raw  materials,  irrespective  of  field  conditions. 

Notwithstanding  these  wide  differences  in  subgrade 
soil  properties,  Tables  7  and  9  show  that  but  little 
relationship  exists  between  slab  thickness  and  soil 
characteristics.  The  slab  thickness  over  the  soils  of 
Group  4,  which  was  the  predominating  soil  group, 
varied  from  7  to  12^2  inches.  The  slab  thickness 
over  Group  6,  the  soils  having  the  highest  shrinkage 
properties,  was  less  than  10  inches,  while  that  over 
Group  1,  the  soils  having  the  lowest  shrinkage  prop- 
erties, was  above  12  inches. 

It  is  more  difficult  to  work  the  spongy  properties  out 
of  soils  containing  little  or  no  clay  (Groups  1  and  3) 
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than  out  of  one  which  contains  an  appreciable  amount 
of  clay  (Group  6),  and  this  fact  seems  to  be  reflected 
by  the  road  thickness  of  12  inches  on  Groups  1  and  3 
soils  shown  in  Table  9.  Except  for  this  limited  in- 
dication, unfavorable  subgrade  conditions  seem  to  have 
been  generally  eliminated  by  the  incorporation  of 
coarse  granular  material  during  the  early  progressive 
construction  of  the  pavement  under  traffic. 

This  is  not  true  of  the  narrow  strip  along  the  north 
edge  which  was  not  progressively  constructed  as  was  the 


One  of  the  Worst  Conditions  of  Surface  on  Bradley 
Lane  at  the  Present  Time 

cental  portion.  Evidently  the  subgrade  has  not  been 
so  well  stabilized  since  the  greater  part  of  the  patrol 
maintenance  required  on  the  road  is  confined  to  this 
area. 

In  comparing  the  unsatisfactory  behavior  of  the  sur- 
face treatments  prior  to  1915  with  the  entirely  success- 
ful ones  subsequent  to  that  year,  it  is  evident  that  the 
factors  which  at  that  time  were  considered  as  the 
principal  causes  of  failure  were  only  contributing  factors 
and  that  the  method  of  treatment  was  primarily  re- 
sponsible for  their  failure. 

From  past  experiences  it  is  a  well-established  fact 
that  a  prerequisite  to  a  successful  surface  treatment  of 
the  mat  type  is  a  stable,  well-bonded  surface  to  which 
the  applied  treatment  will  readily  adhere.  To  insure 
adherence  of  the  mat  an  intermediary  application  of 
bituminous  material,  which  will  penetrate  appreciably, 
should  ordinarily  precede  the  application  of  the  heavier 
mat-forming  material.6     In  the  case  of  the  treatments 

«  There  are  many  examples  where  surface  treatments  have  heen  successfully  applied 
without  a  primer  "coat.  Theso  treatments  have  been  on  clean,  well-bonded  surfaces 
containing  relatively  large  aggregate. 

(Continued  on  p.  242) 


QUALITIES  REQUIRED  IN  PAVING  CONCRETE ' 

By  F.  H.  JACKSON,  Senior  Engineer  of  Tests,  United  States  Bureau  of  Public  Roads 


A  concrete  pavement,  from  a  structural  standpoint, 
consists  of  a  series  of  flat  slabs  several  feet  in  width, 
only  a  few  inches  in  thickness,  and  of  indefinite  length, 
resting  upon  a  support  of  more  or  less  uncertain  char- 
acter. It  is  subjected  not  only  to  traffic  loads  of 
greatly  varying  intensity  but  also  to  the  stresses  and 
weathering  effects  produced  by  wide  ranges  in  temper- 
ature and  moisture  conditions.  Few  concrete  struc- 
tures are  subjected  to  such  a  variety  of  destructive 
forces.  In  order,  therefore,  to  afford  the  greatest 
possible  resistance  to  all  such  forces  the  utmost  efforts 
to  obtain  the  best  possible  product  are  justified.  That 
so  many  of  the  concrete  pavements  built  years  ago  are 
still  carrying  traffic  with  a  reasonable  maintenance  cost 
is  a  tribute  to  the  inherent  worth  of  concrete  as  a 
paving  material.  That  so  many  built  within  recent 
years  have  failed  to  measure  up  to  the  high  standard 
of  service  required  of  them  should  serve  as  a  warning 
that  the  best  engineering  control  of  design  and  con- 
struction is  necessary  if  satisfactory  results  are  to  be 
obtained. 

DESTRUCTIVE   AGENCIES   CONTINUALLY   AT   WORK 

The  destructive  forces  that  are  continually  at  work 
upon  concrete  pavements  may  be  divided  into  two 
general  classes — those  due  to  natural  causes,  such  as 
variation  in  temperature,  moisture,  etc.,  and  those  due 
to  traffic  loads. 

The  natural  forces  produce  direct  tensile  and  com- 
pressive stresses  and  a  number  of  complex  stresses  or 
"weathering  effects,"  which  sometimes  cause  partial  or 
complete  disintegration.  It  is  to  resist  these  latter 
disintegrating  forces  that  we  strive  to  produce  what 
we  term  durable  concrete.  The  direct  stresses  that 
result  from  natural  causes  are  commonly  produced  by 
the  resistance  offered  by  the  subgrade  to  the  free  ex- 
pansion or  contraction  of  the  concrete  slab.  They  may 
be  induced  either  by  changes  in  temperature  or  moisture 
content,  or  both.  They  are  present  practically  from 
the  moment  the  pavement  is  laid  and  they  continue 
throughout  its  existence. 

To  combat  these  natural  forces  concrete  should  pos- 
sess high  resistance  to  both  compression  and  tension. 
Resistance  to  compression  has,  at  all  times,  been  con- 
sidered an  important  property  and  for  many  types  of 
structures  it  has  been  deemed  the  most,  if  not  the  only, 
essential  property.  However,  in  the  case  of  pavements, 
tensile  strength  is  fully  as  important  and  perhaps  of 
greater  importance.  For  it  is  by  tensile  stress  that 
transverse  cracks  are  formed  early  in  the  life  of  the 
pavement;  and  in  spite  of  many  opinions  to  the  con- 
trary, a  crack  in  a  concrete  pavement  must  be  con- 
sidered as  a  structural  defect.  This  is  particularly  true 
of  unreinforced  pavements  in  which  an  open  crack  is, 
in  effect,  an  unsupported  edge  and,  as  such,  for  a  given 
thickness  of  concrete,  becomes  the  weakest  part  of  the 
structure. 


1  Paper  presented  under  the  title  Special  Characteristics  of  Concrete  for  Pave- 
ments at  annual  meeting  of  American  Concrete  Institute,  Chicago,  111.,  Feb.  12  to  14. 
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It  has  been  shown  2  that  a  direct  relation  exists  be- 
tween the  tensile  strength  of  the  concrete  and  the 
amount  of  transverse  cracking  which  will  take  place  in 
a  pavement  slab.  Other  things  being  equal,  the  spacing 
of  the  transverse  contraction  cracks  will  be  directly 
proportional  to  the  tensile  strength  of  the  concrete  at 
the  time  contraction  begins. 

Much  could  be  written  regarding  the  necessity  for 
continued  and  adequate  curing  of  concrete  in  order  that 
its  tensile  strength  may  be  built  up  before  the  pave- 
ment is  allowed  to  dry  out  and  tensile  stresses  are  in- 
duced which  will  tend  to  crack  it.  The  discussion 
here  will  be  limited  to  pointing  out  that  thorough 
curing,  especially  during  the  period  immediately  follow- 
ing the  casting  of  the  slab,  should  tend  to  reduce  the 
number  of  contraction  cracks,  especially  those  surface 
cracks  or  checks  induced  by  the  drying  out  of  the 
surface  of  the  concrete  at  a  greater  rate  than  the  mass. 

Frequent  repetition  of  stress,  whether  caused  by 
natural  forces  or  traffic  loads,  is  known  to  produce 
fatigue  effects;  and  it  is  also  known  that  under  sus- 
tained load  or  force,  concrete  is  capable  of  a  certain 
flow  by  which  the  stress  is  relieved.  These  phenomena 
are  as  yet  not  well  understood  and  require  much 
further   investigation. 

As  the  result  of  research  work  by  the  Portland  Ce- 
ment Association  and  other  organizations,  the  water- 
cement  ratio  law  governing  the  strength  of  concrete 
has  been  established.  The  writer  believes  that  this 
principle,  when  correctly  applied,  affords  the  simplest 
and  most  practical  method  yet  devised  for  designing 
concrete  mixtures  for  a  given  strength.  But,  simply 
because  the  average  of  many  thousands  of  tests  shows 
that  a  certain  crushing  strength  may  be  obtained  with 
a  given  water-cement  ratio,  it  may  not  be  assumed 
that  the  water-cement-ratio  theory  is  an  adequate 
basis  of  design  for  paving  concrete. 

As  previously  stated,  crushing  strength  is  not  the 
most  important  property  of  paving  concrete.  Tensile 
strength  and  flexural  strength  are  more  important; 
and  we  are  not  at  all  sure  that  the  water-cement  ratio 
is  the  most  important  factor  in  controlling  these  prop- 
erties. 

Experiments  by  the  Bureau  of  Public  Roads  3  and 
other  organizations  have  shown  that  the  strength  of 
concrete  in  tension  is  affected  to  a  much  greater  degree 
than  the  compressive  strength,  by  the  character  of 
the  aggregates  employed.  However,  these  experiments 
indicate  that  for  a  given  combination  of  aggregates 
and  cement,  the  water-cement  ratio  governs  the  tensile 
and  flexural  strength  as  closely  as  it  governs  the  com- 
pressive strength.  The  best  solution  is  believed  to  be 
the  so-called  trial  method  of  proportioning  which  was 
described  in  a  recent  issue  of  Public  Roads.4 

!  A.  T.  Goldbeck,  Public  Roads,  August,  1925,  The  Interrelation  of  Longituuina 
Steel  and  Transverse  Cracks  in  Concrete  Roads. 

3  Comparative  Tests  of  Crushed  Stone  and  Gravel  Concrete  in  New  Jersey,  F.  H. 
Jackson,  U.  S.  Bureau  of  Public  Roads,  Public  Roads,  February,  1928. 

*  The  Design  of  Pavement  Concrete  by  the  Water  Cement  Ratio  Method,  reported 
by  F.  H.  Jackson,  Bureau  of  Public  Roads,  Public  Roads,  August,  1928. 
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SOUND   AGGREGATE   REQUIRED   TO   PREVENT   WEATHERING 

The  slowly  acting  but  continued  destructive  effects 
of  weathering  and  frost  action  on  concrete  pavements, 
though  admittedly  of  great  importance,  are  still  but 
slightly  understood.  We  speak  somewhat  vaguely  of 
"durability"  as  essential  in  all  classes  of  concrete 
exposed  to  the  weather  or  to  corrosive  action  of  any 
sort,  but  we  are  not  nearly  so  certain  as  yet  of  the 
factors  which  affect  durability  as  we  are  of  those  which 
affect  strength.  The  question  arises:  Is  strength  a 
measure  of  durability,  and  if  not  what  factors  affect 
durability  which  do  not  affect  strength?  In  an  effort 
to  throw  light  on  this  subject,  alternate  freezing  and 
thawing  tests  of  concrete  are  being  conducted  in  a 
number  of  laboratories.  These  tests  indicate  that 
unsound  aggregates  invariably  produce  unsound  con- 
crete; but  there  are  certain  types  of  unsound  aggre- 
gates which  appear  to  produce  concrete  of  satisfactory 
strength  though  still  unsound. 

In  general,  however,  the  factors  which  affect  du- 
rability also  appear  to  affect  strength.  This  applies 
particularly  to  the  amount  of  mixing  water  used; 
and  it  may  be  definitely  stated  that,  given  sound  aggre- 
gates, the  best  insurance  against  frost  action  and  weath- 
ering effects  appears  in  general  to  be  the  use  of  as  low 
a  water-cement  ratio  as  is  consistent  with  the  require- 
ments of  workability. 

Such  materials  as  shale  and  certain  varieties  of 
flint  occurring  either  in  the  fine  or  coarse  aggregate, 
must  be  avoided  if  sound  concrete  is  to  be  obtained. 
It  is  surprising,  however,  what  a  wide  variety  of  ag- 
gregate types  may  be  used  to  produce  durable,  sound 
concrete,  provided  the  latter  is  properly  designed  and 
fabricated.  It  seems  safe  to  say  that  any  aggregate 
which  will  pass  the  sodium  sulphate  soundness  test 5 
will  contribute  to  satisfactory  durability  in  concrete 
which  is  otherwise  of  good  quality.  Conversely, 
failure  in  this  test  should  subject  the  aggregate  to 
suspicion  until  a  thorough  field  investigation  at  the 
source  has  convinced  the  engineer  that  it  is  a  safe 
material  to  use.  Control  of  aggregates,  however, 
will  go  for  naught  unless  proper  care  is  exercised  in 
fabrication,  and  it  is  the  failure  of  the  field  man  to 
recognize  one  or  more  of  the  fundamental  principles 
of  good  concrete  construction  that  accounts,  in  the 
author's  opinion,  for  most  of  the  failures  which  we 
are  apt  to  attribute  to  lack  of  durability. 

SCALING   LARGELY   DUE   TO   POROUS   MORTAR   ON   SURFACE 

Surface  scaling  is  not  well  understood,  although  there 
is  considerable  evidence  to  indicate  that  it  is  almost 
entirely  the  result  of  frost  action.  That  scaling  is 
not  observed  in  the  South,  but  is  confined  entirely 
to  the  Northern  States  substantiates  this  view.  It 
has  been  possible  to  simulate  the  surface  scaling  of 
concrete  as  observed  in  service  by  subjecting  laboratory 
specimens  to  alternate  freezing  and  thawing.  Surface 
disintegration  almost  always  begins  on  the  top  of  the 
specimen,  and  is  probably  due  to  the  inability  of  the 
relatively  weak,  porous  mortar  surface  to  resist  dis- 
integration  to   the  same  extent  as  the  mass  of  the 

O  O  Tl  O  T*f*  \  P 

If  this  view  of  the  case  is  correct,  it  indicates  that 
effort  should  be  made  to  prevent  the  formation  of 
such  a  porous  mortar  top  on  the  surface  of  the  pave- 
ment to  minimize  the  danger  of  scaling.     The  use  of 

•  U.  S.  Dept.  Agri.  BuJ.  1216,  rev.  p.  20. 


a  stiff  concrete,  just  sufficiently  plastic  to  settle  into 
place  without  tamping;  the  use  of  a  fine  aggregate 
containing  as  little  silt  or  other  fine  material  as  possible; 
and  the  removal  of  the  thin  surface  with  lutes  just 
prior  to  final  finishing;  these  measures  should  go  far 
toward  preventing  this  type  of  destructive  action. 

Surface  scaling  followed  by  disintegration  may 
sometimes  be  due  to  the  use  of  unsound  aggregates, 
but  it  appears  that  failures  from  this  cause  are  more 
or  less  iocal  and  do  not  compare  in  extent  to  the 
scaling  which  may  be  attributed  to  the  presence  of  a 
porous  mortar  top. 
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The  Effect  of  Shale  in  Gravel 


An  Example  of  Surface  Scaling 

EFFECT   OF   TRAFFIC  LOADS   CONSIDERED 

The  major  stresses  in  concrete  pavement  are  un- 
doubtedly the  bending  stresses  produced  by  traffic 
loads,  applied  either  statically  or  with  impact.  In 
general,  these  stresses  aie  a  maximum  along  the  edges 
and  at  the  corners  of  the  slabs.  Much  work  has  been 
done  in  establishing  the  most  economic  pavement  cross 
section  for  uniform  slab  strength.  It  is  not  the  pur- 
pose of  this  paper  to  discuss  slab  design,  but  it  may  be 
well  to  point  out  that  the  adequacy  of  the  design  de- 
pends entirely  upon  how  closely  the  strength  of  the 
concrete  as  actually  placed  conforms  to  the  strength 
assumed  in  the  design.  In  all  formulas  for  pavement 
slab  design  a  unit  flexural  strength  of  about  300  pounds 
per  square  inch  is  ordinarily  assumed,  and  the  thickness 
of  slab  necessary  to   carry   a  given  maximum  wheel 
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load  is  calculated  on  this  basis.  For  a  factor  of  safety 
of  two,  this  requires  the  design  of  a  concrete  mixture 
having  a  modulus  of  rupture  at  28  days  of  600  pounds 
per  square  inch,  which  is  equivalent  to  a  crushing 
strength  of  about  3,000  pounds  per  square  inch. 

It  has  been  stated  that  the  water-cement  ratio  prin- 
ciple may  be  used  to  design  concrete  of  a  given  flexural 
strength,  provided  it  is  recognized  at  the  outset  that 
such  factors  as  angularity  and  surface  texture  of  aggre- 
gates affect  the  flexural  strength  to  a  greater  extent 
than  they  affect  the  compressive  strength.  Tests  are 
now  being  made  by  the  Bureau  of  Public  Roads,  in 
which  17  typical  varieties  of  coarse  aggregates  including 
trap,  limestone,  granite,  calcareous  and  siliceous  grav- 
els and  blast  furnace  slags  are  being  investigated.  They 
show  that  for  a  given  mix,  grading,  and  water-cement 
ratio,  the  maximum  variation  from  the  average  flexural 
strength  of  concrete  made  with  these  aggregates  is  25 
per  cent.  An  illustration  from  one  of  the  four  mixes 
employed  in  the  investigation  may  be  cited. 

The  flexural  strength  (modulus  of  rupture)  of  a  field, 
volumetric  1  :2:3  mix,  using  a  fixed  consistency  and 
with  the  water-cement  ratio  falling  within  a  total  range 
of  0.05,  varied  from  530  pounds  per  square  inch  to 
650  pounds  per  square  inch  at  28  days,  due  entirely  to 
the  kind  of  coarse  aggregate  employed.  This  difference 
in  strength  is  equivalent  to  that  which  would  result 
from  a  change  in  the  water-cement  ratio  of  0.15,  a  va- 
riation which  should  certainly  not  be  ignored  in  applying 
the  water-cement  ratio  law.  The  change  in  flexural 
strength  was  not  accompanied  by  any  significant  differ- 
ence in  crushing  strength,  indicating  that  even  quite 
wide  variation  in  the  character  of  the  coarse  aggregate 
had  no  appreciable  effect  upon  compressive  strength  for 
a  given  water-cement  ratio.  This  point  is  emphasized 
to  show  that  in  designing  pavement  concrete  mixtures, 
other  factors  besides  water  content  must  be  considered. 

SURFACE   WEAR   NOT   A   CRITICAL   FACTOR 

Many  engineers  believe  that  high  resistance  to  wear 
is  no  longer  important  and  point  to  pavements  carrying 
heavy  traffic  which  were  constructed  with  relatively 
soft  aggregates  and  which  still  show  the  original  finish- 
ing marks.  On  the  other  hand,  the  use  of  steel,  non- 
skid  chains  in  winter  does  produce  wear.  This  is  about 
the  only  destructive  agency  of  this  type  left  ,since  the 
steel  wagon  tire  has  practically  disappeared  from  our 
highways,  except  in  certain  restricted  regions.  On  the 
whole,  the  writer  is  inclined  to  believe  that  surface  wear 
is  not  a  critical  factor  and  that,  in  general,  a  concrete 
mixture  which  has  been  properly  designed  as  to  strength 
and  durability  will  also  be  satisfactory  from  the  stand- 
point of  surface  wear. 

QUALITY  OF  PAVEMENT  CONCRETE  AFFECTED  BY  CONSTRUCTION 
METHODS 

Attention  has  been  called  to  the  fact  that  the  quality 
of  concrete  depends  fully  as  much  upon  the  care  used 
in  construction  as  upon  the  materials  employed  or  the 
proportions  established  in  the  design.  Satisfactory  con- 
struction can  not  be  secured  by  the  type  of  engineering 
control  which  very  carefully  specifies  the  quality  and 
grading  of  aggregates  to  be  employed,  sets  a  mix  which 
under  laboratory  conditions  will  give  the  desired 
strength,  and  then  employs  an  incompetent  inspector 
on  the  job.  Such  inspection  is  unfair  to  the  contractor, 
as  well  as  to  the  public,  because  it  often  leads  to  arbi- 
trary and  unreasonable  interpretation  of  specifications 
and  results  in  unnecessary  delays  and  increased  cost. 


It  is  believed  that  there  are  cases  where  quality  in 
construction  is  sacrificed  in  order  to  increase  the  pro- 
duction. Maximum  efficiency  is,  of  course,  much  to  be 
desired  in  all  construction  operations,  and  studies  by  the 
bureau  have  shown  that  there  are  many  instances  where 
production  can  be  increased  without  sacrifice  of  quality. 
It  must  be  remembered,  however,  that  mere  speed 
should  not  be  permitted  to  become  the  controlling 
factor  beyond  the  point  where  it  is  possible  to  maintain 
the  highest  standards  of  workmanship.  Furthermore, 
no  established  practice  as  regards  construction  should 
be  modified  for  the  purpose  of  increasing  production 
without  first  determining  very  definitely  that  the  pro- 
posed modification  does  not  adversely  affect  the  quality 
of  the  finished  product. 

We  should  also  be  alive  to  the  possibilities  of  improv- 
ing the  quality  of  our  concrete,  especially  if  we  can  do 
so  without  increasing  cost  of  production.  With  this 
thought  in  mind,  the  Bureau  of  Public  Roads  is  now 
actively  promoting  certain  principles  in  connection  with 
production  of  concrete  for  pavements  which  will,  we 
believe,  result  not  only  in  more  uniform  quality  but 
will  also  tend  to  reduce  the  ultimate  cost  to  the  public. 
These  principles  are  as  follows: 

1.  The  abandonment  of  volumetric  proportioning  of 
aggregates  and  the  adoption  of  proportioning  by 
weight.  Inundation  will  be  recognized  as  a  permissible 
alternate  method  for  fine  aggregate,  but  weighing  will 
be  preferred. 

2.  Maintenance  of  the  lowest  water-cement  ratio 
which,  with  the  type,  grading,  and  proportions  of 
aggregate  and  methods  of  finishing  employed,  will  pro- 
duce a  workable,  dense,  and  uniform  concrete. 

3.  The  scientific  grading  of  coarse  aggregate  by 
combination  of  separated  sizes  in  each  batch  in  the 
proportions  which  will  produce  the  maximum  practical 
density. 

4.  The  abandonment  of  hand-finishing  methods. 
The  State  specifications  previously  approved  by  the 

bureau  for  Federal-aid  concrete  pavements  provide  for 
certain  standard  proportions  of  cement  and  fine  and 
coarse  aggregate.  As  a  result  of  recent  tests  the  bureau 
is  now  convinced  that  better  and  more  economical  con- 
crete may  be  produced  in  some  instances  by  increasing 
the  proportion  of  coarse  aggregate  previously  specified, 
providing  the  density  and  uniformity  of  the  mix  are  not 
impaired.  It  has,  therefore,  announced  that  where 
adequate  engineering  control  is  assured,  the  coarse 
aggregate  proportions  previously  approved  may  be 
increased  if,  by  combination  of  separated  sizes  in 
each  batch,  a  well-graded  aggregate  is  produced  and 
the  resulting  concrete  is  dense  and  uniform,  workable 
by  the  methods  of  finishing  employed,  and  of  a  quality 
at  least  equal  to  that  produced  by  the  approved 
standard  mix. 

The  bureau  feels  that  improvement  in  uniformity  as 
well  as  increased  economy  will  be  accomplished  by 
measuring  coarse  aggregates  in  two  or  more  separate 
sizes.  This  practice  will  insure  the  maintenance  of  a 
uniformly  low  void  content  in  the  coarse  aggregate  and 
make  it  possible  to  reduce  the  amount  of  mortar  below 
that  necessary  under  the  present  practice  where  quite 
wide  variations  in  voids  occur  frequently  from  batch 
to  batch,  due  to  inefficient  mixing  of  sizes  at  the  pro- 
ducing plant  or  stock  pile  segregation.  The  practicabil- 
ity of  this  procedure  has  been  demonstrated  in  actual 

(Continued  on  p.  241) 


CONCRETE  IN  TENSION 

By  A.  N.  JOHNSON,  Dean  of  Engineering,  University  of  Maryland 


Articles  in  preceding  issues  of  Public  Roads1  have 
reported  various  phases  of  the  general  investigation  of 
the  strength  characteristics  of  concrete  conducted  by 
the  engineering  experiment  station  of  the  University  of 
Maryland,  with  the  cooperation  of  the  United  States 
Bureau  of  Public  Roads  and  the  Maryland  State 
Roads  Commission.  This  article  presents  the  results 
of  a  study  of  the  behavior  of  concrete  when  subjected  to 
direct  tension.  Data  are  given  to  show  the  relation 
between  the  tensile  and  compressive  strength  of  mortar 
and  concrete  at  various  ages,  as  well  as  the  comparative 
elastic  behavior  of  the  materials  in  both  tension  and 
compression. 

SPECIAL   APPARATUS   DEVISED  FOR   TENSION   TESTS 

A  special  form  of  test  piece  was  devised  for  the  pur- 
pose of  studying  concrete  in  direct  tension.  This  form 
was  used  to  cast  specimens  with  a  central  section  4^ 
inches  in  diameter  and  9  inches  long.  At  each  end 
of  this  secton  there  was  an  inverted  frustum  of  a 
cone,  making  a  total  length  of  specimen  of  nearly  21 
inches.  This  permitted  tension  measurements  on  a 
cross  section  of  the  same  size  as  that  used  in  compres 
sion  tests. 

The  molds  were  made  of  brass  in  two  parts  and  bolted 
together.  They  were  first  oiled  and  then  the  concrete 
was  placed  and  tamped,  the  mold  at  the  same  time 
being  struck  with  a  wooden  mallet  to  insure  freedom 
from  small  air  pockets  in  the  concrete.  The  shape  and 
dimensions  of  the  specimen  are  shown  in  Figure  1. 

Two  brass  pulling  heads  or  grips  were  provided  for 
testing  the  specimens  in  tension.  One  was  placed  over 
each  end  of  the  specimen,  leaving  an  annular  space  of 
about  one-quarter  inch  between  the  inside  of  the  pulling 
head  and  the  outside  of  the  specimen.  This  space  was 
filled  with  molten  rosin. 

Rosin  was  selected  after  considerable  experimenta- 
tion with  various  materials  such  as  pitch,  asphalt, 
plaster,  etc.  When  the  rosin  reached  the  proper  tem- 
perature it  became  very  fluid  and  poured  readily  and  it 
was  very  easy  to  clean  the  grips,  but  little  rosin  being 
wasted. 

The  brass  pulling  heads  were  centered  by  first  placing 
a  split  aluminum  cylinder  around  the  shank  of  the 
specimen  and"  holding  it  temporarily  in  place  with  an 
ordinary  wooden  clamp  (this  clamp  is  not  shown  in  the 
diagram).  This  aluminum  cylinder  has  a  machined 
surface  at  each  end  where  the  brass  ends  or  grips  bear 
against  it  (fig.  1)  and  it  is  possible  to  align  the  two  on 
the  same  axis.  The  grips  were  attached  to  finks, 
arranged  to  form  a  universal  joint,  so  that  the  line  of 
force  would  coincide  with  the  longitudinal  geometric 
axis  of  the  specimen.  This  was  readily  attained  with 
considerable  accuracy. 

Rupture  occurred  usually  in  the  4^-inch  cylin- 
drical section,  although  a  number  of  breaks  occurred 
at  the  transition  to  the  conical  portion.  Most  of 
these  were  on  the  mortar  specimens,  the  concrete 
specimens  usually  breaking  within  the  central  cylin- 
drical portion. 

i  Public  Roads,  vol.  9,  Nos.  7,  8,  and  9,  1928. 


CRUSHING   AND   TENSILE  STRENGTHS   COMPARED 

The  first  series  of  tests  was  to  obtain  a  comparison 
of  the  strength  of  mortar  and  concrete  in  tension  and 
compression.  The  results  are  given  in  Tables  1  and  2.2 
The  results  are  also  shown  graphically  in  Figure  2. 
This  series  of  tests  was  made  in  1925.  The  mixture  for 
the  mortar  was  1 :  2  and  for  the  concrete  specimens  was 
1:2:3,  using  a  crushed  limestone  with  maximum  size 
of  three-fourths  inch.     All  proportions  were  by  volume. 

The  tables  and  diagrams  indicate  that  the  ratio  of 
tensile  to  compressive  strength  is  about  the  same  for 
mortar  specimens  as  for  concrete  specimens. 


PIN^. 
BLOCK- 


:q* 


-LINK 

-ROCKER    BEARING 


SPACE  FILLED    WITH 
MOLTEN  FILLER  AFTER 
ENDS  ARE  CENTERED  — 


CONICAL  SPLIT 
BRASS   ENDS 


SCREWS  TO  SPREAD 
CYLINDER  WHEN 
REMOVED 


SPLIT  CYLINDER  FOR 
CENTERING  THE  BRASS 
ENDS.  REMOVED  AFTER 
FILLER  IS  POURED  AND 
HAS  HARDENED 


77T 


77777777777/ 
Figure  1. — Arrangement  of  Concrete  Specimen  for  Tension 


i  These  tables  and  full  details  of  this  series  of  teste  wore  reported  bj  l  lie  writer  in 
the  Proceedings  of  the  A.  S.  T.  M,  vol.  26,  Part  II  (1926),  pp.  441-4o0. 
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Figure  2. — Relation  Between  Ratio  of  Tensile 
Strength  to  Compressive  Strength  and  Age  of 
Concrete 


Figure  3. — A  Tension  Specimen  in  the  Testing  Machine 
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DEFORMATION  PER  INCH  -  M1LLI0NTHS  OF  AN  INCH 

Figure  4. — Typical  Stress-STRAiN  Curves  for  Portland 
Cement  Mortar  in  Tension 

This  ratio,  which  is  about  16  to  17  per  cent  at  periods 
of  about  30  days,  gradually  decreases  to  about  8  per 
cent  at  90  days,  and  remains  practically  constant  at 
this  value  thereafter.  The  tensile  strength  does  not 
increase  with  age  in  the  same  proportion  as  does  the 
compressive  strength,  although  beyond  a  period  of 
ninety-odd  days  the  relative  increase  in  tension  and 
compressive  strength  is  such  as  to  keep  this  ratio  almost 
constant  at  about  one-twelfth. 


-Results  of  compression  tests  and  tensile  tests  on  cement 
mortar  (mix  1  :  2) 

[Cross  section  area  16  square  inches  (approximately).    Each  result  average  of  3 

specimens] 


Tensile 

Tensile 

strength 

strength 

ex- 

ex- 

Age 

Com- 
pressive 
strength 

Tensile 
strength 

pressed 
as  a  per- 
centage 
of  com- 
pressive 
strength 

Age 

Com- 
pressive 
strength 

Tensile 
strength 

pressed 
as  a  per- 
centage 
of  com- 
pressive 
strength: 

Lbs.  per 

Lbs.  per 

Lbs.  per 

Lbs.  per 

sq.  in. 

sq.  in. 

sq.  in. 

sq.  in. 

20  days 

2,510 

349 

14 

162  days 

6,123 

399 

T 

47  days 

3,827 

421 

11 

167  days 

6,750 

431 

6 

55  days 

2,640 

442 

17 

173  days 

7,133 

466 

7 

70  days 

4,990 

434 

9 

184  days.... 

5,790 

525 

9 

85  days 

4,200 

370 

9 

191  days.... 

6,340 

630 

10 

137  days 

6, 230 

347 

6 

198  days 

5,420 

494 

9 

139  days.--. 

7,140 

489 

7 

199  days 

5,873 

496 

8 

141  days 

7,183 

434 

6 

212  days 

5,613 

541 

10' 

151  days..-. 

7,577 

488 

6 

253  days 

6,663 

547 

8 

15fi  days 

7,223 

583 

8 

255  days 

6,183 

505 

8 

Table  2. — Results  of  compression  tests  and  tensile  tests  of  cement 
concrete  (mix  1  :  2  :  3) 

[Cross  section  area  16  square  inches  (approximately).    Each  result   average  of  3 

specimens] 


Age 


Com- 
pressive 


Lbs.  per 

sq.  m. 

33  days 

2,160 

50  days 

3,197 

69  days 

3,043 

83  days 

3,007 

90  days 

2,503 

140  days 

3,353 

146  days 

4, 160 

154  days 

4,175 

159  days 

3,310 

165  days 

3,473 

172  days 

3,023 

181  davs 

1,847 

Tensile 

strength 

ex- 

Tensile 

pressed 

strength 

as  a  per- 
centage 

of  com- 

pressive 

strength 

Lbs.  per 

sq.  in. 

349 

16 

335 

10 

360 

12 

220 

7 

126 

5 

334 

10 

369 

9 

293 

7 

244 

7 

257 

7 

221 

7 

155 

8 

Age 


185  davs. 
192  days. 
194  days. 

196  days. 

197  days. 
200  days. 
215  days. 
225  days. 
239  days. 
243  days. 
249  davs. 


Com- 

Tensile 

pressive 
strength 

strength 

Lbs.  per 

Lbs.  per 

sq.  in. 

sq.  in. 

4,280 

326 

3,773 

301 

4,667 

307 

2,130 

192 

2,863 

235 

2,  503 

236 

4,260 

330 

3,337 

298 

3,647 

284 

2,797 

247 

3,373 

248 

Tensile 
strength 

ex- 
pressed 
as  a  per- 
centage 
of  com- 
pressive 
strength 


250 


-      200 


DEFORMATION  PER  INCH  -MILLI0NTHS  OF  AN  INCH 

Figure  5. — Typical  Stress-Strain  Curves  for  Portland 
Cement  Concrete  in  Tension 

elastic  behavior  of  concrete  in  tension  studied 

Another  series  of  compression  and  tension  tests, 
with  both  mortar  and  concrete  specimens,  was  begun  in 
1926  and  finished  in  1928.  This  series  was  planned 
primarily  to  determine  the  elastic  behavior  of  mortar 
and  concrete  in  both  tension  and  compression  under 
comparable  conditions.  Compression  and  tension  spec- 
imens were  made  from  the  same  batches  of  material 
and  cured  under  like  conditions.  Table  3,  which  shows 
the  test  results,  is  arranged  to  show  which  specimens 
were  made  from  the  same  batch. 
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Table  3. — Comparison  oj  strength  oj  1:2  mortar  in  tension   and     T.mr  a       n  , 

compression  d     TABLE  ^--Comparison  oj  strength  oj  1:2:3  concrete  in  tension 

and  compression 


Tension 

Compression 

Speci- 
fica- 
tion 

Xc). 

Age 

Strength 

Modulus  of 
elasticity 

Speci- 
fica- 
tion 
No. 

Age 

Strength 

Modulus  of 
elasticity 

144 
145 
146 

147 
148 
149 

150 
151 
152 

153 

154 
155 

159 
160 
161 

162 
163 
164 

186 
187 
188 

318 
319 
320 

243 

244 
245 

228 
229 
230 

312 
313 
314 

Days 

7 

7 
7 

7 

7 

10 
10 
10 

14 
14 
14 

21 
21 
21 

21 
21 
21 

30 
30 
30 

558 
558 
558 

595 
595 
595 

599 
599 
599 

602 
602 
589 

Lbs.  l>rr 

sq.  in. 

275 

275 

225 

225 
200 
225 

250 
300 
325 

250 
245 
180 

275 
285 
310 

213 
140 
200 

325 
310 
.283 

395 
355 
336 

343 
395 
418 

447 
498 
483 

450 
450 
450 

Lbs.  per 
sq.  in. 
2, 900, 000 
2, 740, 000 
2, 550, 000 

2, 660, 000 
2, 500, 000 
2, 700, 000 

3, 350, 000 
3,  350, 000 
3, 150, 000 

318 
319 
320 

321 
322 
323 

324 
325 
326 

327 
328 
329 

333 
334 
335 

336 
337 
338 

360 
361 
362 

492 
493 
494 

486 

487 
488 

417 
418 
419 

402 
403 
404 

Days 
8 
8 
8 

7 
7 
7 

10 
10 
10 

14 
14 
14 

21 
21 
21 

21 
21 

21 

30 
30 
30 

562 
562 
562 

582 
582 
582 

609 
609 
609 

605 
605 
605 

Lbs.  per 
sq.  in. 
2,370 
2,780 
2,610 

2,180 
2,560 
2,420 

3,140 

3,000 
3,230 

3,175 
3,540 
3,020 

3,300 
3,230 
3,280 

2,500 
2,600 
2,260 

2,760 
3,000 
2,830 

3,940 
3,970 
4,150 

3,470 
3,860 
3,680 

5,870 
5,610 
5,450 

5,850 
5,980 
3,850 

Lbs.  per 

sq.  in. 

2, 760, 000 

2, 860, 000 
2, 730, 000 

2, 760, 000 

3, 280, 000 
3, 280, 000 

3, 520, 000 
3, 520, 000 

3, 200, 000 
3, 100, 000 

3, 120, 000 
3, 170, 000 

3, 180, 000 

3, 320, 666 

3, 240, 000 
3, 140, 000 

2, 600, 000 
2, 650, 000 

3, 050, 000 
2, 800, 000 

3, 320, 000 

3, 400, 000 

2, 750, 000 
3, 200, 000 

Elastic  measurements  in  tension  were  made  in  the 
same  manner  as  those  previously  reported  for  compres- 
sion tests.  The  mirror  extensometer  was  attached  to 
the  cylindrical  or  central  portion  of  the  tension  speci- 
men and  deformations  measured  over  a  4-inch  gauge 
length,  as  in  the  case  of  the  compression  specimens. 
Figure  3  shows  a  specimen  in  the  testing  machine, 
with  mirrors  in  position  for  testing.  It  is  evident 
that  when  measuring  tension  deformations  the  mirrors 
revolve  in  opposite  directions  to  those  which  take  place 
when  measuring  compression  deformations.  The  only 
change  to  be  made  is  in  the  position  of  the  scales — that 
is,  the  one  which  is  read  upward  for  compression  is 
read  downward  for  tension. 

Considerable  care  was  exercised  in  operating  the 
testing  machine,  which  was  of  100,000  pounds  capacity. 
It  is  probable  that  accurate  results  could  be  obtained 
more  readily  on  a  machine  of  smaller  capacity,  pro- 
vided there  was  sufficient  head  room  to  carry  a 
specimen. 

The  results  of  the  elastic  measurements  on  cement 
mortars  and  concrete  in  both  tension  and  compression 
are  presented  in  Tables  3  to  5.  Table  3  gives  a  com- 
parison between  mortar  in  tension  and  compression 
and  Table  4  gives  similar  data  for  concrete.  Table  5 
summarizes  the  data  given  in  Tables  3  and  4.  These 
data  show  that  the  modulus  of  elasticity  in  tension  is 
approximately  90  per  cent  of  the  modulus  of  elasticity 


Tension 

Compression 

Speci- 
fica- 
tion 
No. 

Age 

Strength 

Modulus  of 
elasticity 

Speci- 
fica- 
tion 

Age 

Strength 

Modulus  of 
elasticity 

255 
256 
257 

192 
193 

194 

231 
232 
233 

240 
241 
242 

246 
247 
248 

258 
259 
260 

207 
208 
209 

327 
328 
329 

309 
310 
311 

306 
307 
308 

303 
304 
305 

222 
223 

224 

Days 

7 
7 
7 

8 
8 
8 

14 
14 
14 

14 
14 
14 

21 
21 
21 

29 
29 
29 

30 
30 
30 

562 
562 
562 

607 
607 
635 

608 
636 
608 

609 
609 
609 

618 
646 
618 

Lbs.  per 

sq.  in. 

150 

170 

160 

200 
220 

215 

175 
230 
193 

175 
165 
185 

185 
175 
225 

225 
250 
225 

250 
183 
265 

374 

334 
352 

244 
351 
325 

354 
300 
273 

348 
367 
329 

423 
350 
369 

Lbs.  per 
sq.  in. 
3,  750, 000 
2,  950, 000 
3, 050, 000 

3, 450, 000 

429 
430 
431 

366 
367 
368 

405 
406 
407 

414 
415 

416 

420 
421 
422 

432 
433 
434 

381 
382 
383 

501 
502 
503 

483 
484 
485 

480 
481 

482 

477 
478 
479 

3'Jfi 
397 
398 

Days 

7 

7 

8 
8 
8 

14 

14 
14 

14 

14 
14 

21 
21 
21 

29 
29 
29 

30 
30 
30 

563 
563 
563 

607 
607 

607 

608 
608 
608 

609 
609 
609 

618 
618 
618 

Lbs.  per 
sq.  in. 
1,400 
1,445 
1,450 

1,520 
1,435 
1,470 

1,  680 
1,805 
1,  945 

1,445 
1,420 
1,600 

1,600 
1,900 
1,830 

1,705 
1,900 
1,600 

1,825 
1,830 
1,965 

3,450 
3,530 
3,580 

3,105 
2,990 
2,810 

3,690 
3,650 
3,235 

3,610 
3,590 
3,550 

3,580 
3,750 
4,220 

Lbs.  per 

sq.  in. 

3,  720, 000 

3, 680, 000 

3,400,  IKX) 
3,  740,  000 

3, 800, 000 
3, 640, 000 

3, 200, 00 

3, 300, 000 
3, 150, 000 

3, 600, 000 
2, 600, 000 
3, 050, 000 

3, 350, 000 
2, 900, 000 
3, 750, 000 

3, 650, 000 
3, 800, 000 
4, 050,  U00 

3,  600, 000 

3, 920, 000 
3, 560, 000 
3, 920,  000 

3, 900, 000 
4, 400, 000 
4, 400, 000 

3,680,000 
3,900,000 
3, 560, 000 

4,180,000 

4,  200,  000 

4, 280, 000 

4, 000, 000 

3, 750, 000 

--- 

\ 

4, 000, 000 

Table  5. — Summary  oj  tension  and  compression  tests  on  cement 
mortars  and  concretes 


Mixtures - 

Stress - 

Number  of  specimens 

Average  age,  days 

Ultimate  strength,  pounds  per  square 
inch 

Ratio: 

Ultimate  strength  in  tension 
Ultimate  strength  in  compression 

Modulus    of   elasticity,    pounds   per 
square  inch 

Ratio: 

Elasticity  in  tension 
Elasticity  in  compression 


1:2  mortar 


Tension 


251 


Com- 
pression 


14 
16 

2,842 


9  per  cent 

2, 920, 000     3,  200, 000 

91  per  cent 


1:2:3  concrete 


Tension 


Com- 
pression 


L'SL> 


17 
19 

1,648 


17  per  cent 

3,410,000     3,840,000' 

89  per  cent 


in  compression  for  both  mortar  and  concrete  of  the 
character  tested. 

The  average  value  for  modulus  of  elasticity  of  con- 
crete in  compression  was  found  to  be  3,840,000  pounds 
per  square  inch  and  for  tension  3,410,000  pounds  per 
square  inch.  Values  for  the  mortar  are  somewhat  less, 
for  compression  the  modulus  being  3,200,000  pounds 
per  square  inch,  and  for  tension  2,920,000  pounds  per 
square  inch. 
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Table  6.— Deformations  of  1:2  mortar  cylinders  under  tension  in  millionths  inch  -per  inch 


144 

145 

146 

147 

148 

149 

150 

151 

152 

154 

155 

159 

160 

163 

164 

186 

187 

7 

7 

7 

7 

7 

7 

10 

10 

10 

14 

14 

21 

21 

21 

21 

30 

30 

Load— pounds  per  square  inch: 

8 
19 
28 
35 
45 
50 
65 
78 
90 
104 
120 

11 
19 
27 
36 
46 
56 
64 
76 
86 
97 

13 
20 
30 
40 
50 
61 
73 
84 

10 
19 
28 
37 
46 
57 
68 
80 
87 

10 
20 
29 
40 
50 
61 
75 
93 

10 
21 
29 
38 
46 
56 
66 
79 

7 
13 
23 
30 
37 
46 
53 
60 
67 
77 

7 

15 
20 
30 
37 
45 
53 
60 
68 
75 
84 
93 

13 
20 
37 
46 
54 
63 
69 
80 
86 
98 
102 
112 
124 

10 
20 
28 
35 
44 
51 
60 
66 
76 

8 
16 
25 
33 
43 
53 
64 

10 
17 
26 
34 
43 
49 
57 
67 
76 
84 
91 

6 
16 
23 
29 
37 
46 
55 
60 
70 
78 

10 
20 
29 
40 
50 

10 
19 
29 
40 
49 
61 
74 
91 

9 
18 
28 
34 
43 
50 
59 
66 
75 
83 
94 
101 

10 

19 

25 

35 

44 

51 

64 

71 

81 

90 

99 

109 

275 

275 

225 

225 

200 

225 

250 

300 

325 

245 

175 

275 

285 

140 

200 

325 

310 

Table  7. — Deformations  of  1:2  mortar  cylinders  under  compression  in  millionths  inch  per  inch 


318 

320 

321 

323 

325 

326 

327 

328 

333 

335 

336 

337 

360 

362 

8 

8 

7 

36 
77 
106 
143 
179 
220 
263 
309 
350 
396 
500 
635 

7 

10 

10 

14 

14 

21 

21 

21 

21 

30 

30 

Load— pounds  per  square  inch: 

100          -- 

36 
70 
107 
145 
184 
230 
269 
316 
370 
421 
546 

39 
70 
106 
141 
177 
210 
256 
297 
343 
387 
485 

36 
71 
93 
143 
180 
218 
262 
306 
356 
390 
506 
630 

33 

64 

93 

124 

158 

188 

229 

263 

299 

341 

424 

502 

608 

724 

838 

971 

1,150 

1,256 

1,575 

31 

60 

89 

133 

150 

185 

218 

255 

284 

323 

404 

484 

575 

678 

791 

913 

1,063 

1,250 

1,556 

1,963 

35 
60 
86 
116 
143 
174 
205 
235 
270 
313 
381 
446 
526 
613 
708 
814 

30 
56 
84 
111 
141 
170 
200 
229 
238 
293 
359 
425 
499 
575 
656 
750 

34 
66 
96 
129 
157 
190 
224 
254 
291 
325 
396 
469 
554 
644 
744 
856 
988 

33 
61 
91 
121 
153 
184 
216 
249 
283 
319 
391 
465 
534 
640 
744 
860 
997 

34 
60 
91 
123 
154 
188 
221 
258 
294 
340 
413 
503 
600 
713 

33 
63 
95 
125 
158 
191 
225 
259 
298 
335 
430 
504 
604 
720 
858 
1,023 

29 
60 
91 
121 
151 
173 
216 
249 
281 
318 
393 
471 
560 
670 
795 
989 

29 

200        - - 

58 

300         

88 

400 

118 

500 - 

146 

600                    

179 

700            

213 

800.              - 

244 

900                 - - 

278 

I  iiiin                 

310 

1,200                         

381 

1,400              

456 

1,600             - 

534 

1,800                    

628 

2,000 

2,200 

2,400 

2,600 

2,800 

3,000 

1 

Ultimate  strength— pounds  per  square  inch... 

2,370 

2,620 

2.  ISO 

2,420 

3,000 

3,230 

3,175 

3,540 

3,300 

3,280 

2,500 

2,600 

2,760 

2,830 

Table  8.— Deformations  of  1:2:3  concrete  cylinders  under  tension  in  millionths  inch  per  inch 


Specimen  No 

192 

194 

207 

209 

231 

232 

240 

241 

242 

246 

247 

248 

255 

256 

257 

258 

259 

260 

Age,  days 

8 

8 

30 

30 

14 

14 

14 

14 

14 

21 

21 

21 

7 

7 

7 

29 

29 

29 

Load— pounds  per  square  inch: 

25 

8 
14 
23 
29 
36 
45 
54 
65 

8 
14 
19 
25 
31 
37 
43 
50 

9 
15 
21 
29 
35 
41 
49 
56 
68 
84 

6 
13 
19 
28 
30 
40 
45 
54 
66 
80 

6 
16 
23 
31 
40 
49 
56 

9 
16 
24 
35 
40 
51 
63 
71 
88 

6 
14 
21 
49 
35 
V 

11 
20 
28 
39 
49 
63 

10 
19 
28 
35 
43 
55 
63 

9 
16 
24 
31 
41 
50 
68 

9 
17 
24 
34 
44 
55 
88 

8 
15 
24 
29 
36 
44 
49 
58 
68 

10 

16 
23 
30 
39 
50 

5 
14 
23 

35 
45 
61 

10 
15 
25 
33 
44 
51 

9 
14 
20 
28 
34 
39 
49 
56 

8 
13 
20 
25 
34 
39 
45 
53 
65 

9 

50-.- 

13 

75 

19 

100 

23 

125 

31 

150... 

36 

175 

44 

200.. 

50 

225 

250 _ 



Ultimate  strength— pounds  per  square  inch 

200 

215 

250 

265 

175 

230 

175 

165 

185 

185 

175 

225 

150 

170 

160 

225 

250 

225 
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Table  9.- 

—Deformations  of  1:2:8 

concrete  under  compression  in  millionths  inch  per  inch 

Specimen  No 

367 

368 

381 

383 

405 

106 

414 

415 

416 

420 

421 

422 

429 

430 

432 

433 

434 

8 

8 

30 

30 

14 

14 

14 

14 

14 

21 

21 

21 

7 

7      j     29 

29 

29 

Load— pounds  per  square  inch: 
100. 

33 

59 
87 
117 
150 
184 
220 
250 
309 
361 
501 
975 

28 
51 
80 
109 
140 
175 
209 
248 
299 
353 
489 
800 

28 

48 

71 

95 

118 

143 

168 

196 

226 

260 

331 

423 

603 

844 

25 

45 

69 

94 

121 

148 

164 

208 

240 

278 

363 

478 

615 

856 

25 
49 
78 
106 
136 
166 
203 
240 
280 
328 
438 
600 

29 
53 
66 
108 
136 
169 
204 
239 
285 
331 
441 
588 

28 
50 
75 
106 
135 
168 
201 
240 
289 
334 
460 
719 

26 
69 
81 
110 
144 
178 
218 
258 
304 
351 
47", 
881 

31 
49 
75 
104 
133 
164 
200 
239 
279 
339 
450 
651 

28 

46 

74 

96 

121 

149 

181 

210 

244 

280 

378 

513 

881 

24 

46 

74 

96 

124 

151 

179 

210 

240 

276 

355 

455 

590 

25 

48 

74 

98 

125 

154 

181 

213 

241 

278 

365 

464 

623 

28 
53 
79 
109 
138 
173 
209 
249 
290 
338 
44X 
725 

30           31 

30 
49 
75 
101 
131 
163 
194 
230 
265 
307 
403 
529 
706 

200 ... 

300 

30 

400 

80 
109 
140 
174 
213 
256 
313 
374 
551 
963 

79 
109 
140 
171 
205 
249 
290 
336 
445 
593 
875 

53 

500 

80 

600 

110 

700 

139 

800 

I/O 

900... 

205 

1,000 

243 
270 
333 
443 
625 
1,087 

1,200 

1,400 

1,600 

1,800 

Ultimate  strength— pounds  per  square 

1,435 

1,470 

1,825 

1,965 

1,680 

1,805 

1,945 

1,420 

1,600 

1,600 

1,900 

1,830 

1,400 

1,445 

1,705 

1,900 

1,600 

The  stress-strain  curves  for  concrete  in  tension 
possesses  all  the  characteristics  of  the  stress-strain 
curves  for  compression.  Figure  4  shows  curves  for 
mortar  specimens  in  tension.  The  total  deformation 
over  which  measurements  may  be  made  is  usually  about 
one  ten-thousandth  inch  per  inch  for  tension,  and 
about  ten  times  that  value  for  compression. 

Figure  5  shows  typical  stress-strain  curves  for 
concrete  specimens  in  tension.  The  specimens  selected 
are  those  for  a  low,  medium,  and  high  value  for  the 
modulus  of  elasticity.  As  with  the  stress-strain  curves 
in  compression,  there  is  for  the  lower  loads  an  initial 
straight  line  relation,  from  which  the  stress-strain 
tension  curve  departs  gradually. 

Tables  6  to  9  show  in  detail  the  deformations  for 
practically  all  the  specimens  in  Tables  3  and  4. 
Specimens  from  the  same  batch  of  concrete  can  be  iden- 
tified by  reference  to  the  last-mentioned  tables. 


POISSON'S   RATIO   DETERMINED 

A  few  measurements  of  Poisson's  ratio  were  made  in 
accordance  with  a  method  previously  described  by  the 
writer.3  The  tests  demonstrated  that,  for  the  lower 
loads,  the  lateral  deformation  of  the  specimens  as  well 
as  vertical  deformations  are  proportional  to  the  applied 
loads.  This  straight  line  relation  being  a  fact,  then 
Poisson's  ratio  for  a  given  specimen  is  a  constant  for 
the  lower  loadings  up  to  the  limit  of  proportionality  of 
elastic  limit. 

The  measurements  of  Poisson's  ratio  were  made  upon 
1:2  mortar  specimens  and  also  upon  1:2:3  concrete 
cylinders.  At  the  time  of  testing,  the  specimens  were 
from  2  to  12  months  in  age.  Poisson's  ratio  for  15 
determinations  varied  from  0.108  to  0.180  with  an 
average  value  of  0.147.      \ 


>  Proceedings  A.  S.  T.  M.,  vol.  24,  1924.     Part  II,  p.  1024. 
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construction  in  North  Carolina,  where  a  mix  containing 
considerably  more  coarse  aggregate  than  we  have  been 
in  the  habit  of  permitting  has  been  used  by  combining 
three  separate  sizes  of  coarse  aggregate. 

Another  outstanding  advantage  of  handling  and 
proportioning  coarse  aggregate  in  this  manner  is  that 
it  makes  possible  much  closer  control  of  water  at  the 
mixer,  through  the  elimination  of  a  variable,  which 
has  caused  more  trouble  than  is  commonly  supposed. 
This  is  the  fluctuation  in  the  water  requirements  of 
individual  batches  due  to  changes  in  grading.  Batch- 
to-batch  variations  in  the  quantity  of  the  finer  sizes  of 
the  coarse  aggregate — that  is,  the,  material  ranging 
from  about  three-fourths  inch  down— are  quite  com- 
mon under  the  present  practice  and  cause  marked 
variation  in  the  workability  of  the  concrete.  This 
leads  to  a  tendency  on  the  part  of  the  mixer  operator 
to  control  the  workability  by  changing  the  amount  of 
water.  It  will  be  admitted  that  uniform  water  content 
is  essential  to  uniform  concrete.  Measurement  of 
coarse  aggregate  in  separate  sizes  will  contribute  much 
to  this  end. 


With  regard  to  hand  finishing,  the  bureau  feels  that 
smoother  riding  surfaces  can  be  produced  with  me- 
chanical equipment,  and  also  that  it  is  possible  by 
mechanical  means  to  handle  economically  and  effi- 
ciently a  drier  concrete  and  one  containing  a  higher 
percentage  of  coarse  aggregate  than  when  hand-finish- 
ing methods  are  employed.  The  manner  in  which  a 
finishing  machine  will  handle  a  concrete  which  by  all 
laboratory  standards  would  be  labeled  unworkable  has 
considerably  altered  our  conception  of  what  we  term 
(for  want  of  a  better  name)  "workability"  in  concrete. 

The  bureau  believes  that  the  loose  methods  of  control 
which  have  been  the  rule  in  the  past  have  often  led  to 
the  use  of  proportions  capable  of  producing  a  concrelc 
of  considerably  higher  strength  than  that  called  for  in 
the  design,  in  order  that  we  might  be  certain  of  obtain- 
ing the  design  strength  in  the  field.  We  have  been 
employing  a  factor  of  safety  in  the  shape  of  richer 
mixtures  to  take  care  of  inadequate  control  methods. 
The  greater  certainty  of  the  methods  proposed  should  en- 
able us  to  design  and  produce  concrete  conforming  more 
closely  to  whatever  design  requirements  may  be  imposed 
with  resulting  benefits  both  physical  and  economical. 
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prior  to  1915  the  surface  was  not  in  condition  for  treat- 
ment, viewed  from  present-day  knowledge.  It  was 
not  stable  and  well  bonded  nor  did  it  receive  the  prim- 
ing coat  or  binder  necessary  to  bind  the  surface  treat- 
ment to  the  road  structure.  Consequently  the  bitu- 
minous surface  mat  was  readily  displaced  and,  due  to 
movement  of  the  stone  particles  directly  underlying 
it,  rapidly  deteriorated. 

In  the  case  of  the  treatments  since  1915,  in  which 
the  same  type  of  bituminous  material  was  used  as 
formerly,  excellent  results  were  obtained  due  to  the 
penetration  construction.  This  construction  had  stabi- 
lized the  top  portion  of  the  road  and  furnished  a  surface 
to  which  the  later  surface  treatments  readily  bonded. 


Table  9.- 


-Distribution  of  subgrade  groups  with  respect  to  pavement 
slab  thickness  l 


Total  pavement  thickness 


Num- 
ber of 
places 
exam- 
ined 


12  inches  and  above. 

10  to  12  inches 

Below  10  inches 


Number  of  places  which 
exist  on  subgrade  with 
laboratory  group  num- 
ber— 


0  2 

1  0 
0      0 


1  Only  the  north  side  and  center  thicknesses  are  considered,  since  the  south  side  was 
raised  to  the  level  of  the  concrete  shoulder.  See  Table  8  for  typical  analyses  of  the 
subgrade  groups. 

The  following  conclusions  are  presented  as  a  result 
of  consideration  of  the  experimental  data: 

Stage  construction  furnishes  an  efficient  means  for 
eliminating  variation  in  subgrade  support  due  to  dif- 
ference in  soil  character  and  drainage  conditions. 

Old  traffic-bound  roads,  although  unsatisfactory 
when  subjected  to  traffic  action  directly,  may  serve 
efficiently  as  foundations  for  waterproof,  wear-resisting 
surface  courses. 

Increasing  the  width  of  the  pavement,  previously  of 
inadequate  width,  has  reduced  the  maintenance  cost 
per  average  daily  vehicle.  It  is  obvious  that  the  reduc- 
tion in  unit  vehicle  costs  has  been  due  to  a  large  increase 
in  traffic  without  a  corresponding  increase  in  mainte- 
nance costs. 

The  success  of  a  surface  treatment  depends  to  some 
extent  upon  the  type  of  materials  employed  and  the 
method  of  treatment,  but  to  a  greater  extent  upon  the 
condition  of  the  road  to  be  treated. 

A  bituminous  wearing  course,  which  of  itself  does 
not  furnish  appreciable  load  support,  will  reduce  the 
tendency  of  the  macadam  base  to  displace  under  the 
action  of  traffic.  A  comparatively  thick  bituminous 
wearing  surface  has  the  advantage  in  this  respect  over 
the  thin  mat  treatment,  although  with  the  use  of  the 
priming  coat,  as  at  present,  this  difference  is  not  so 
great  as  formerly.        

FORM  FOR   CASTING   CYLINDERS    IN    CONCRETE 

SLABS 

The  report  on  field  experiments  in  curing  concrete 
pavements  in  Maryland  1  described  how  concrete 
cylinders  for  testing  purposes  were  cast  and  cured  in  a 

1  See  Public  Roads,  vol.  9,  No.  7,  September,  1928. 


test  slab  adjacent  to  the  road.  The  accompanying 
sketch  shows  the  details  of  construction  of  the  form 
used  for  this  purpose. 

The  outer  shell  was  driven  about  2%  inches  into 
the  subgrade  so  that  it  was  firmly  placed  and  the 
inner  shell  was  adjusted  so  that  its  top  was  one- 
quarter  inch  below  the  top  of  the  slab  forms.  A  coat- 
ing of  heavy  grease  between  the  two  molds  facilitated 
removal  of  the  iron  cylinder  and  a  layer  of  grease  at 
the  top  of  the  outer  mold  sealed  the  space  between 
the  two,  preventing  any  leakage  of  mortar  which 
would  have  made  removal  difficult.  Slots  at  the  top 
of  the  iron  mold  made  possible  its  removal  by  chiseling 
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Details  of  Molds  Used  in  Casting  Cylinders 

through  the  J^-inch  layer  of  concrete  and  then  pry- 
ing it  out  with  two  pinch  bars  bent  at  an  angle  of 
45°.  One  person  could  remove  these  molds  without 
difficulty. 


HIGHWAY    RESEARCH    BOARD    TO    INVESTIGATE 
CURING 

The  highway  research  board  of  the  National  Research 
Council  -announces  that  arrangements  had  been  made 
for  conducting  an  investigation  of  methods  of  curing 
concrete  pavement  slabs.  The  work  will  consist  first 
of  making  a  correlation  survey  of  all  available  existing 
data.  These  data  will  be  analyzed  and  submitted  to  a 
special  committee  appointed  by  the  board.  The 
further  program  of  the  project  will  depend  upon  the' 
findings  of  this  committee. 

The  highway  research  board  does  not  itself  carry  on 
research  work,  but  from  time  to  time  special  inves- 
tigational projects  are  organized  for  correlating  the 
work  of  other  research  agencies,  for  promoting  addi- 
tional research  and  for  disseminating  the  results  of 
research. 
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EARLY  WRITER  STRESSES  IMPORTANCE  OF  WATER 
CONTENT  OF  CEMENT  MORTARS 

[Extract  from  Niles  Register,  1817] 

_  Experiments  showing  the  progress  made  in  discover- 
ing the  materials  tor  a  water  cement,  among  our  domes- 
tic resources  in  a  letter  to  Dr.  Mitchilf  from  David 
Meade  Randolph,  Esq.,  of  Virginia,  dated  Richmond, 
June  26,  1817. 
_  Dear  Sir:  Among  the  great  variety  of  useful  inven- 
tions connected  with  the  arts,  as  it  has  been  lately  my 
object  to  pursue  and  to  have  observed  in  England,  it 
was  one  of  great  importance  in  my  mind,  to  discover 
in  this  country  something  that  might  answer  an  equally 
valuable  purpose  with  the  famous  "Dutch  Terias,"  or 
Parker's  "Roman  Cement,"  as  it  is  now  generally  used 
in  England  and  the  West  Indies  for  works  under  water 
and  elsewhere  situated. 

In  this  pursuit  it  has  been  my  good  fortune  to  succeed 
so  far  as  to  indulge  a  confidence  that  upon  the  more 
satisfactory  test  of  works  upon  a  large  scale,  and  a 
reasonable  term  of  time  for  experience,  there  can  be 
nothing  discovered  of  more  importance  to  the  construc- 
tion of  durable  foundations  either  under  fresh  waters 
or  those  of  the  sea  than  those  certain  minerals  that  I 
take  the  liberty  of  transmitting  to  you  herewith.  These 
will  be  found  in  two  stone  pots  to  your  address.  One 
of  them  contains  a  powder  which  I  conceive  to  possess 
the  properties  of  Puzzolana,  or  the  cellular  basalt  of 
Doctor  Rees;  the  other  is  a  lime  produced  from  certain 
concretions  of  lime,  clay,  and  other  matters  foimd  on 
the  banks  of  York  River,  near  to  the  town  of  Little 
York.  These  jagged  and  very  various  irregular  sized 
(apparently)  rocks  seem  to  have  been  formed  a  little 
below  the  adjacent  land,  and  to  have  tumbled  from 
them  as  the  washings  of  the  tides  have  worn  them 
down;  for  many  fragments  or  distinct  masses  are  seen 
pendant  from  their  beds.  The  quantity  is  very  exten- 
sive; and,  from  some  parts  of  the  same  banks,  the 
vertebra  and  other  bones  of  some  huge  land  or  sea 
animal  are  found  to  have  been  dislodged  likewise.  This 
lime  rock,  upon  being  calcined,  falls  to  an  impalpable 
powder.     It  does  not  slack  like  other  limes;  on  the 

1  This  article  has  been  submitted  by  Prof.  R.  S.  Swinton  of  the  University  of 
Michigan.  It  was  called  to  his  attention  by  W.  J.  Worth,  a  student  in  the  course  on 
history  of  engineering. 


contrary  by  the  application  of  water  as  m  slacking  other 
limes,  the  powder  forms  itself  into  a  mass,  and  coagu- 
lates by  lying;  and  when  made  into  a  paste,  forming  a 
plate  oi  it,  suspecting  it  to  dry,  it  assumes  a  stony  or 
hard  appearance,  which  being  immersed  in  water  before 
it  is  quite  dry  too,  it  does  not  dissolve  like  paste  made 
ot  other  lime. 

One  of  those  pots  aforesaid  (the  other)  contains  a 
mixture  oi  this  lime  powder  and  the  powdered  basalt, 
in  the  proportion  of  lime  two,  basalt  three,  which  from 
my  experiments  seems  to  be  the  most  perfect  for  terias 
mortar.  They  are  to  be  reduced  to  a  plastic  state,  by 
adding  the  smallest  quantity  of  water  possible,  and  tha"t 
by  little  and  little,  to  aid  the  beating  in  rendering  it 
tough.  Observe  this  rule:  The  more  beating  andlhe 
less  water,  the  firmer  the  mortar.  Hence  you  will  per- 
ceive, sir,  that  my  researches  have  been  to  the  best 
chemical  authorities,  as  far  as  my  simple  capacity  has 
enabled  me  to  understand  from  Doctor  Rees  and  "some 
others  upon  this  subject.  My  acquirements  and  abilitv 
to  investigate  and  to  understand,  are  solely  from 
exercising  my  practical  knowledge  and  limited  powers 
of  mind;  whilst  I  would  most  respectfully  solicit  your 
enlightened  aid  to  mature  my  purpose,  and  to  stamp  a 
character  upon  my  inventions. 

Two  bricks  were  cemented  on  the  1st  of  this  month 
with  a  mortar  far  less  perfect  than  the  above  and  in- 
stantly (while  the  mortar  was  soft)  they  were  placed 
in  a  basin  of  water,  where  they  have  remained  ever 
since.  The  cement  grows  harder  with  time  as  is  very 
perceptible;  and  from  the  crust  that  is  evidently  form- 
ing on  the  surface  I  am  expecting  a  crop  of  stalactites. 

You  will  readily  perceive,  sir,  that  if  the  invention 
shall  prove  effectual,  I  am  fairly  entitled  to  a  reasonable 
compensation,  to  be  secured  by  a  patent  or  otherwise, 
and  that  your  kind  assistance  in  the  promotion  of  my 
object  would  be  gratifying  in  an  eminent  degree.  In 
conclusion,  sir,  I  pray  you  would  have  the  goodness  to 
favor  me  with  a  reply;  for  my  apprehensions  of  having 
trespassed  too  far  on  your  benignity  can  only  be  re- 
lieved by  your  favorable  reception  of  this  appeal  to 
your  liberality,  and  by  such  orders  for  a  supply  of  the 
crude  materials  as  you  shall  be  pleased  to  give  your 
most  respectful   and  humble  servant. 

D.  M.  Randolph. 


REPORT  ON  TRACTIVE  RESISTANCE  BY  IOWA  ENGINEERING  EXPERIMENT  STATION 


Conclusions  as  to  the  effect  of  tractive  resistance  are 
presented  in  Iowa  Engineering  Experiment  Station 
Bulletin  No.  88,  Tractive  Resistance  of  Automobiles 
and  Coefficients  of  Friction  of  Pneumatic  Tires,  by 
T.  R.  Agg.  The  bulletin  is  the  result  of  work  done  at 
the  station  in  cooperation  with  the  Bureau  of  Public 
Roads. 

The  more  significant  results  of  the  investigation  are 
summarized  as  follows: 

1 .  There  is  no  great  difference  in  the  tractive  resist- 
ance of  any  particular  vehicle  on  various  road  surfaces 
that  are  reasonably  smooth  and  hard.  In  some 
instances  the  low  or  intermediate  types  give  as  low  a 
tractive  resistance  as  the  high- type  payed  surfaces. 
A  detailed  inspection  of  the  various  tractive  resistance 
diagrams  will  show  that  paved  surfaces  in  good  repair 
do  not  give  as  wide  a  range  of  variation  in  tractive 
resistance  as  do  the  intermediate  and  low  types,  nor 


does  the  tractive  resistance  on  pavements  reach  as  high 
maximum  values  as  those  determined  for  some  of  the 
low  and  intermediate  types. 

2.  The  high  tractive  resistance  caused  by  mud  is 
due  in  part  to  the  necessity  of  squeezing  the  mud  away 
from  the  tire  as  it  rolls  through  the  soft  surface  layer 
and  in  part  to  a  certain  springiness  of  the  whole  road 
crust.  In  deep  mud  the  wheel  tends  to  slide  like  a 
runner.  This  condition  is  not  uncommon  on  earth 
roads  and  has  come  to  be  expected  at  certain  seasons, 
but  it  adds  greatly  to  the  cost  of  transportation  over 
the  road. 

3.  The  effect  of  a  spongy  subgrade  under  a  thin  road 
crust  (a  condition  common  on  light  gravel  roads)  is 
quite  evident.  The  yielding  of  the  foundation  under 
the  load,  although  the  road  crust  does  not  break  up, 
adds  approximately  50  per  cent  to  the  tractive  resist- 
ance at  20  miles  per  hour.     This  condition  is  perhaps 
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of  no  great  consequence  so  far  as  light  vehicles  are 
concerned,  but  is  a  very  important  one  from  the  stand- 
point of  the  truck  and  bus  operator.  On  a  road  in  this 
condition  fuel  consumption  will  be  markedly  greater 
than  on  the  same  road  when  the  foundation  is  stable 
and  unyielding,  as  it  is  when  dry. 

4.  Rough  surfaces  of  a  given  type  generally  have  a 
higher  tractive  resistance  than  smooth  surfaces  of  the 
same  type.  There  is  a  tendency  for  the  tractive  resist- 
ance curves  on  certain  varieties  of  roughness  to  drop  at 
the  higher  speeds.  In  some  instances  they  even  cross 
those  for  smooth  surfaces.  In  other  instances  the 
tractive  resistance  curves  for  rough  surfaces  are  at  all 
speeds  higher  than  the  corresponding  curves  for  smooth 
surfaces. 

The  difference  in  behavior  on  different  rough  surfaces 
seems  to  be  due  to  the  effect  of  the  resiliency  of  the 
tire  and  spring  system.  With  a  certain  type  of  recur- 
ring roughness  the  wheel  .bounds  in  such  a  manner  that 
the  tire  is  partly  off  the  road  surface  for  appreciable 
time  intervals  and  the  distortion  of  the  tire  and  the 
power  loss  therein  reduced  below  that  of  a  smooth 
surface.  This  apparent  economy  is  doubtless  much 
more  than  offset  by  the  impact  effects  on  the  vehicle 
and  the  discomfort  to  the  occupants.  Roughness  of 
the  erratic  type  due  to  neglected  maintenance,  which 
leaves  potholes,  fissures,  and  irregular  bumps  in  the 
road  surfaces  is  an  unmitigated  nuisance. 

5.  The  relation  between  the  air  pressure  in  the  tires 
and  the  tractive  resistance  is  well  indicated  by  the  data. 
As  the  pressure  is  lowered  the  tractive  resistance  in- 
creases, although  some  inconsistencies  appear  in  the 
figures,  due  to  unavoidable  variations  in  road  surface 


and  wind  during  the  time  when  the  runs  were  made. 
The  same  type  of  observation  could  be  made  much  more 
accurately  in  the  laboratory.  Nevertheless,  these 
diagrams  show  that  the  motorist  must  pay  in  extra 
fuel  consumption  for  neglecting  to  keep  his  tires  at  the 
proper  pressure.  Also,  he  loses  in  service  life  of  the 
tire,  if  laboratory  tests  mean  anything. 

6.  Laboratory  tests  indicate  that  rolling  resistance 
decreases  with  an  increase  in  the  temperature  of  the 
tires. 

7.  In  building  so-called  "traffic-bound"  road  sur- 
faces, loose  material  is  placed  on  the  road  to  be  packed 
by  the  traffic.  A  comparison  of  tractive  resistances  on 
both  loose  and  compacted  surfaces  indicates  that  there 
is  considerable  cost  in  compacting  a  road  surface  by 
means  of  rubber-tired  vehicles.  Of  course,  this  cost 
is  concealed  in  the  everyday  operating  costs  to  the 
owners  of  vehicles,  but  it  is  none  the  less  real.  It  is 
unlikely  that  the  public  realizes  the  situation,  and  per- 
haps never  will,  but  the  practice  is  certainly  open  to 
serious  question  from  the  economic  standpoint. 

TYPOGRAPHICAL  ERROR  CORRECTED 

In  printing  the  article  "Model  Analysis  of  a  Rein- 
forced Concrete  Arch"  in  the  January  issue  of  Public 
Roads  a  typographical  error  was  made.  On  page  209 
it  was  stated  "It  follows  from  the  Maxwell  theorem 


of  reciprocal  deflections  that  for  a  unit  load,  1  =  ^ 


2  )j 


The  formula  should  have  been  T- 
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and  Road  Preservation,  1914. 
*314D.    Methods  for  the  Examination  of  Bituminous  Road 

Materials.      10c. 
*347D.   Methods   for   the    Determination    of   the    Physical 

Properties  of  Road-Building  Rock.      10c. 
*370D.   The    Results    of    Physical    Tests   of    Road-Building 

Rock.      15c. 
386D.   Public  Road  Mileage  and  Revenues  in  the  Middle 

Atlantic  States,  1914. 
387D.   Public  Road  Mileage  and  Revenues  in  the  Southern 

States.  1914. 
388D.   Public    Road    Mileage   and    Revenues   in    the    New 

England  States,  191 1. 
390D.   Public  Road  Mileage  and  Revenues  in  the   United 

States,  191  I.     A  Summary. 
407 D.   Progress  Reports  of  Experiments  in  Dust  Prevention 

and  Road  Preservation,  1915. 
463D.   Earth,  Sand-clay,  and  Gravel  Roads. 
*532D.   The   Expansion   and   Contraction   of   Concrete  and 

Concrete  Roads.      10c. 
*537D.   The    Results   of    Physical    Tests   of    Road-Building 
Rock  in  1916,  Including  all  Compression  Tests. 
5c. 
*583D.   Reports    on    Experimental    Convict     Road    Camp, 

Fulton  County,  Ga.     25c. 
*660D.  Highwav  Cost  Keeping.     10c. 
*670D.   The    Results   of   Physical    Tests   of    Road-Building 

Rock  in  1916  and  1917.     5c. 
*691D.   Typical  Specifications  for  Bituminous  Road  Mate- 
rials.     10c. 
*724D.   Drainage    Methods   and    Foundations   for    County 
Roads.     20c. 
*1077D.   Portland  Cement  Concrete  Roads.      15c. 
1216D.   Tentative  Standard  Methods  of  Sampling  and  Test- 
ins  Highway  Materials,  adopted  by  the  American 
Association  of  State   Highway   Officials  and  ap- 
proved by  the  Secretary    of    Agriculture  for  use 
in  connection  with  Federal-aid  road  construction. 
1259D.  Standard  Specifications  for  Steel  Bighway  Bridges, 
adopted   by   the   American    Association    of   State 
Highway  Officials  and  approved  by  the  Secretary 
of  Agriculture  for  use  in  connection  with  Federal- 
aid  road  work. 


DEPARTMENT  BULLETINS-Continued 

No.  12791).    Rural    Highway    Mileage,    Income,    ami    Expendi- 
tures, 1021  and  1922. 
I  L-86D.   Highway  Bridge  Location. 

DEPARTMENT  CIRCULARS 

No.    94C.   T.  N.  T.  as  a  Blasting  Explosive. 

331C.   Standard   Specifications  for  Corrugated    Metal    Pipe 

Culverts. 

TECHNICAL  BULLETIN 

No.  55.   Highway  Bridge  Surveys. 

MISCELLANEOUS  CIRCULARS 

No.  62M.  Standards  Governing  Plans,  Specifications,  Con- 
tract Forms,  and  Estimates  for  Federal  Ud 
Highwav  Projects. 
93M.  Direct  Production  Costs  of  Broken  Stone. 
*109M.  Federal  Legislation  and  Regulations  Relating  to 
the  Improvement  of  Federal-aid  Roads  and 
National-Forest  Roads  and  Trails.      10c. 

FARMERS'  BULLETIN 

No.  *338F.   Macadam  Roads.     5c. 

SEPARATE  REPRINTS  FROM  THE  YEARBOOK 

No.  914 Y.   Highways  and  Highway  Transportation. 
937Y.   Miscellaneous  Agricultural  Statistics. 

TRANSPORTATION  SURVEY  REPORTS 

Report  of  a  Survey  of  Transportation  on  the  State   Highway 

System  of  Connecticut. 
Report  of  a  Survey  of  Transportation   on  the  State    Highwaj 

System  of  Ohio. 
Report  of  a  Survey  of  Transportation  on  Hie  State  Highways  of 

Vermont. 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

New  Hampshire. 
Report  of  a  Plan  of  Highway  Improvement  in  the  Regional  Area 

of  Cleveland,  Ohio. 
Report  of  a  Survey  of  Transportation  on  the  State  Highways  of 

Pennsylvania. 

REPRINTS  FROM  THE  JOURNAL  OF  AGRICULTURAL  RESEARCH 

Vol.  5,  No.  17,  D-  2.  Effect  of  Controllable  Variables  upon 
the  Penetration  Tes1  for  Asphalts  anil 
Asphalt  Cements. 

Vol.  5,  No.  19,  D-  3.  Relation  Between  Properties  of  Hard- 
ness and  Toughness  of  Road-Build- 
ing Rock. 

Vol.  5,  No.  24,  D-  6.  A  New  Penetration  Needle  for  I  -e  in 
Testing  Bituminous  Material-. 

Vol.  6,  No.  6,  D-  8.  Tests  of  Three  Large-Sized  Reinforced- 
Concrete  Slabs  Under  Concentrated 
Loading. 

Vol.  11,  No.  10,  D-15.  Tests  of  a,  Large-Sized  Reinforced-Con- 
crete  Slab  Subjected  P.  Eccentric 
Concentrated  Loads. 


*  Department  supply  exhausted. 
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Page 

\i.i mis,  Dull'  A.,  r.,  r.  to  p 108, 124(fn),  151 

Abrasion  tests: 

for  concrete  sands — 

early  tests,  description 222 

proposed  test,  roport  by  D.  O.  Woolf..  222-224 

test  results,  36  graded  sands 223,224 

for  gravel- 
modification  of  test,  desirability 147,152 

test  results - -  146, 147 

relation  between  standard  abrasion  tests  for 
stone  and  gravel- 
report  by  D.  O.  Woolf...- 146-147,152 

see  also  Wear. 
Absorption,  water: 

effect  upon  toughness  of  rock 183 

test  results  for — 

brick  (various  types) 66 

concrete  specimens  in  sulphate  water..  82,83 

rock  (various  types) 77, 146 

Accelerated  tests: 

of  cement  resistance  to  sulphate  waters 86,92 

trulic  tests,  brick  pavements,  r.  to  p 121(fn) 

Accelerometer: 

description  and  use  in  tests 113-115, 123 

r.  top - --  113(fn),123(fn) 

Acharya,  B.  A - 183  (fn) 

Acids: 

hydrochloric  acid,  use  in  washing  concrete 

sand. -  88,89 

muriatic  acid,  use  in  washing  concrete 62 

Admixtures  in  concrete: 

effects,  investigations 63-65,73,74,76,78, 

80, 101, 102, 107, 109, 139-145, 184 
see  also  names  of  admixtures. 
Age  of  cement  mortar  and  of  concrete: 
as  affecting- 
deformations   under   compression   and 

under  tension 178, 238, 240, 241 

elasticity 166-168,177-180,239 

ratio  of  tensile  to  compressive  strength.  237, 238 
strength- 
bond  strength _ 174,175,183 

compressive,        flexural,        tensile 

strengths 71, 81-83, 105, 139, 141-144, 

149, 150, 166, 177-179, 184, 221, 222, 237-241 

Agg,  T.  R.,  r.  to  p - — -      243 

Aggregates,  see  Concrete  aggregate— also  names 

of  aggregates. 
Air  pockets: 

formation   in   concrete,   prevention  in  test 

specimens 237 

Air  pressure: 

in  motor  vehicle  tires,  as  affecting  tractive 

resistance - 244 

Albright,  J.  C,  r.  to  p.... 73  (fn) 

Alkali,  action  on  concrete: 

Medicine  Lake,  S.  Dak.,  experiments 82-87  92 

r.  to  p 82  (fn),  83  (fn) 

Allen,  T.  Warren,  and  Andrew  P.  Anderson: 
power-shovel  operation  in  highway  grading— 

Parts  2  and  3 -  9-23, 37-47 

Allison,  Robert  V.,  r.  to  p - a2 

Alumina  cement,  see  Cement. 
Alumina  content  of  cements: 

as  affecting  resistance  to  sulphate  water 84 

Aluminum  cylinder: 

for  concrete  tension  test  specimens jsi 

Alway,  Frederic  J.,  r.  to  p......... "---.-:■  2  (m) 

American  Association  of  State  Highway  Officials: 

research,  concrete,  r -----      1-A 

American  Concrete  Institute,  see  Abrams,  Dull 
A— Jackson,  F.  H. 

Amsler  apparatus,  use,  r. --—-—-      14» 

Analyses,  see  Bituminous  materials— Chemical 
analyses— Mechanical     analyses- 
Proportions  of  constituents  of  con- 
crete—Soil analyses. 
Anchorage  tests:  ,.    ,        ., 

of  steel  reinforcement  of  timber  piles  in  con- 

crete - 169-176,  i»d 

Anderson,  Andrew  P.,  see  Allen,  T.  Warren. 
Arches,  concrete,  see  Concrete  arches. 
Vrlington    Experimental    Farm,    see    Concrete 
aggregate    (character,   relation   to 
strength  of  concrete)— Impact  tests 
(of    pavements)— Plastic    limit— 
Temperature  movements. 
Arterial  highways,  see  Improvement,  highway. 

*  ^a^bi'ndor  in  bituminous  treatment  of  roads..  ^24^ 

as  filler  in  concrete'testing  apparatus....—- -     237 
fluxed   native  asphalt,   use  m  bituminous 

macada  m  road 50, 52, 54, 55,  60, 62, 63 

I  ypes  a  'Quantities  used  «  «j«™g«  ^ 

Vsphalt  pavements:  ,.,  .,, 

cushioning  properties,  impact  tests --  i"-^1 

see  also  Bituminous  pavements. 

20062—30 


Asphaltic  emulsion,  use:  Page 

in  bituminous  macadam  experiments 50, 

52, 54-57, 03 

in  curing  of  concrete  pavements 184 

Asphaltic  oils,  see  Oils  and  bitumens. 
Atmospheric  conditions,  see  Humidity— Rain- 
fall—Weather  conditions. 

Atterbcrg  soil  tests 1-4 

Automobiles,  see  headings  beginning  Gasoline, 
Traffic— also  Impact  tests— Regis- 
tration fees— Registrations— Trac- 
tive resistance. 


B 

Baltimore,  Md.: 

allocations  from  gasoline  tax  and  motor  ve- 
hicle revenues 72  (fn), 

rear  cover  of  No.  2  (fn) 

Basalt,  cellular 243 

Base   courses,    see   Concrete    bases— Macadam 

bases— Stone  base. 
Batches,  concrete,  see  Concrete  batches. 
Bedding  courses,   brick   pavements,   see  Sand 

cushions. 
Beggs  deformeter  gauges: 

description _._ 210-212 

use,  r 181, 193, 194, 206, 209-212, 220 

Beggs  method  of  analyzing  indeterminate  struc- 
tures: 

description  and  use 186, 193, 194, 209, 216, 220 

r.  to  p - 209  (fn) 

Belt  routes,  see  Improvement,  highway. 
Beltingof  concrete  pavements: 

methods  and  apparatus,  r 70, 140 

Bending  moments: 

in  concrete  arches  under  load — 

as  determining  rotations  of  arch  axis 194, 

200-205, 210, 220 

determination  from  influence  diagrams..     186, 

193, 194, 204, 209-220 

in  mortar  beams  in  cantilever  test 70 

Bending  tests,  see  Cantilever  beam  tests— Mod- 
ulus, moduli  (of  rupture)— Trans- 
verse tests. 
Benkelman,  A.  C: 

report,  Virginia  demonstration  road iJ-ol 

Bennett,  Hugh  H.,  r.  to  p 92 

Berry  strain  gauges:  ,«/,„%   1Qi 

use  in  tests,  r 185  (fn),  191 

Bidding  methods  in  concrete  pavement  construc- 
tion by  water-cement  ratio  method-     128 

Binder:  ,     ,         „  •    ,.-, 

types  and  placing  methods  used  in  bitumi- 
nous treatment  of  roads.. .  24, 50-57, 60, 03 

Binding  properties  of  molasses-lime  mixtures...     225 

Bitumen  content,  see  Bituminous  materials  .  .  . 
(analyses)— Bituminous  pave- 
ments (bituminous  concrete  pave- 
ments-analyses). 

Bitumens,  see  Oils  and  bitumens. 

Bituminous  emulsion,  see  Asphaltic  emulsion. 

Bituminous    materials    used    in    experimental 

analyses   ^^  54. 60, 225, 228, 229 

types,  quantities,  •BPUoattamM.j™^  ^. 

Bituminous  pavements: 

bituminous  concrete  pavements— 

analyses  of  samples  from  experimental 

road Vi"j"     ' 

construction  and  maintenance  methods 

and  costs. .  49, 50, 52, 58-63, 67-69, 229, 230 
bituminous  macadam  pavements- 
bituminous  grouted  pavement,  experi- 

ments 57, 58, 226,  22S,  tzj 

construction  and  maintenance i  methods 

and  costs 49-58,225-233,242 

Topeka  and  other  types—  ,,,190 

cushioning  properties,  impact  tests    -.  114-i.w 
Biftiminous  surfacing,  see  Surface  treatment. 

linous  treated  earth  road,  South  Carolina.       IA 

"'^contributory  cause  of  landslides.—  154, 159, 160 
as  landslide  control  method ---      "'- 

Blowers,  see  Moist  closet.  . 

Bond  strength  of  timber  pile  heads  in  concrete, 
as  affected  by—  ...         t„  i7n 

casting  of  concreto  in  air,  in  watcr.-..—^ i«£ 

wedges  and  spikes..      ----'  174i  "5, 183 

effective  bond  as  due  to  side  area  bond....  175, ,iw 
tests,  report  by  George  W.  Dav ^--—^ 

Bonds,  highway: 

allocations,  1927,  from—  , 

gasoline'tax'receipts.. ---- 

motor  vehicle  registration  fee  receipts 

rear  cover  of  IS  0.  l 
Border  plantings,  roadside — -  25,26,32-30 


"Bottle  necks"  as  affecting:  Page 

hauling  time  in  highway  grading 10, 13 

traffic  congestion 131 

Bouyoucos,  G.  J.,  r.  to  p 8  (fn) 

Boyd,  J.  R.,  r.  to  p 1  (fn) 

Bradley  Lane  experimental  road: 

report 225-233,242 

see  also  Connecticut  Avenue. 
Brass  wire  model: 

use  in  concrete  arch  analysis,  r.,  r.  to  p...  185  (fn), 
193  (text  and  fn) 

Breslau,  Muller 186 

Brick  used  in  experimental  road: 

types  and  test  results 65, 00 

Brick  pavements: 

accelerated  traffic  tests,  r.  to  p 121  (fn) 

breakage  as  affected  by  bedding  course  type.     120, 

121 

cushioning  properties  (impact  tests) 114, 

117, 118, 120, 121 

thin  brick  pavements,  r.  to  p 121  (fn) 

vitrified  brick  on  concrete  foundation — 

condition  survey,  experimental  road 67,68 

construction  and  maintenance  methods 

and  costs.- 50,52,53,59,65,66 

Bridges,  highway: 

surveys,  bulletin,  announcement 92 

see  also  Bond  strength— Yadkin  River  bridge 

Briggs,  Lyman  J.,  r.  to  p 2  (fn) 

Buchanan,  James  A.,  r.  to  p 123  (fn) 

Bulldozer,  use  in  highway  grading 40,45 

Bureau  of  Standards,  U.  S.  D.  C,  see  Peters, 

O.  S. 
Burke,  George  W.: 

estimation  of  concrete  constituents— 

method,  r.,  r.  to  p — -       88 

By-pass  routes,  see  Improvement,  highway. 


Cal  as  concrete  admixture: 

effects,  investigations '3,  /4,  /6,  <»,hu 

mixing  method '" 

Calcium  chloride: 

as  concrete  admixture- 
effects,  investigations — <3. 

74, 76, 78, 80, 101, 102, 107, 109, 139-145, 184 

mixing  method - -  70,140 

for  surface  application  in  curing  of  concrete- 
application  rate - 76, 102, 10/ 

effects,  investigations ......      73, 

74, 76, 78, 101, 102, 107, 109, 184 
California  State  Highway  Department: 

research,  concrete  mixing  period,  r.,  r.  to  p..      10s 
Cantilever  beam  tests  of  concrete:     „,.„  —  —.., 
methods  and  test  results.—  80, 81, 103, 106, 141, 143 
Cantilever  testing  apparatus  for  mortar  beams: 

report  by  D.  O.  Woolf - '0-/ 1 

Capillary  moisture  in  soils: 

definition  (in  test) - --      i>i 

Capillary  moisture  test  of  soil: 

purpose  and  practicability 1-->.  °"8 

Capping  of  concrete  cores  and  cylinders: 

methods U4> 148- 164 

Carmick,  L.  G.:  , 

report,  determination  of  proportions  of  con- 

stituents  in  concrete °b-»9 

Celite  as  concrete  admixture: 

effects,  investigations '3,  '4,  ib,  /»,su 

Cells,  weighing,  see  Weighing  cells. 
Celluloid  model:         ,        ,     .  ,», 

use  in  concrete  archanalysis....i--;-----i2jl93, 

alumina  cement,  use  in  demonstration  road-       74 
constituents - - °4'68 

influence  upon—  „  s, 

absorption  of  concrete --"" 

resistance  of  concrete  to  sulphate  water, 

report  of  tests ---82- 

strength  of  concreto ---—,/.' 

lime  content  v.  silica  content  as  basis  of  deter- 
mination  of  proportions  of  con 


crete. 


89 


lime-silica  index  as  index  of  resistance  to  sul- 
phate water N> 

raw  materials  of,  as  influencing  behavior     86, 87, 92 

see  also  Alumina  content— Cement  mortar- 
Chemical    analyses— Concrete- 
Fineness    tests— Proportioning— 
Sand  cushions. 
Coment  mortar:  .,      _,  „„ 

analyses  of  cylinders  in  determination  of  con- 
crete  constituents 

mixes  usod  in  various  strength  test  speci- 

mens 71, 1(7-1/9,221, lii-iW 

neat  cement  mortar— 


Maryland  tests. 
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Cement  mortar— Continued.  Page 
porous  mortar  as  affecting  concrete  pave- 
ment scaling 235 

storage- 
moist  closet,  description 90-92 

temperature  requirements,  A.  S.  T.  M._  90 
see  also  Cantilever  testing  apparatus— Com- 
pressive strength  —  Concrete  — 
Freezing  and  thawing— Modulus, 
moduli  (of  elasticity— of  rupture) — 
Tensile  strength  —  Water-cement 
ratio — Water  content. 
Center  strip,  metal: 

use  in  test  concrete  pavement,  r 184 

Centrifuge   moisture  equivalent  test   and    test 

values  of  soils 1-3, 5-8, 232, 233 

Charts,  record: 

typical  chart,  demonstration  road  construc- 
tion         81 

see  also  Condition  surveys. 
Checking,  pavement,  see  Cracks. 
Chemical  analyses  of  cements: 

as  indices  of  resistance  of  concrete  to  sul  ph3te 

water 84,92 

Chert,  see  Mineral  composition. 
Chips  as  cover  material: 

use,  experimental  roads 50-53, 55, 5G,  61 ,  225-228 

Clay  content: 

of  concrete  sand — 

as  affecting  tensile  strength  ratio 222 

washing  test  for,  r 222,221 

of  molasses-lime  mixture  as  affecting  binding 

properties 225 

of  soil- 
as  affecting- 
landslides 153,154,157,158,100,163 

various  test  values 3,6-8,24 

see  also  Mechanical  analyses. 

Clemmer,  H.  F  ,  r.  to  p 70,100  (fn) 

Cleveland,    Ohio,   regional   highway  improve- 
ment plan 129-138,152,224 

Climatic  conditions: 

influence  upon  concrete  pavements,  investi- 
gations  73,79-Sl 

Clinometers: 

description  and  reliability--- 191,192,208 

use 185  (fn),  190-193,203-208,210 

Cofferdams,  see  Bond  strength. 
Colloids,  soil: 

r.,  r.  to  p 1,  3,  8  (text  and  fn) 

Color  of  soil: 

change  in  drying  soil 4 

Color  tests  for  concrete  sand,  recommendation . .     224 
Columbia  Pike,  Arlington  County,  Virginia: 

impact  tests 114, 116 

Compressibility  of  soils,  test 2,5 

Compression  tests: 
of  concrete — 

comparison  with  transverse  tests,  r  to  p. 

100  (fn) 

demonstration  road  tests,  r 80 

methods,  University  of  Maryland 148, 

149,164, 165, 177,238,239 
see  also  headings  beginning  Compressive— 
also  Modulus,  moduli  (of  elastic- 
ity). 
Compressive  strength: 
of  cement  mortar- 
after  freezings  and  thawings,  relation  to 

wear  of  sands 221 

as  affected  by- 
mineral  composition  of  sand 221,222 

moisture 179 

comparison  with  tensile  strength 237-241 

ratios  for  various  sands 221 

of  concrete- 
as  affected  by — 

aggregate  character 69, 

109, 124, 149, 150, 166, 168,234,236 

curing  methods,  research 76, 

80,141-145,184 

hauling  after  mixing.. 151,152 

mixing  period,  length  of. 93-111,113 

moisture  (wet  and  dry  specimens 

compared 179, 193 

temperature  and  humidity 142,143 

water-cement  ratio 124,142,234,236 

as  criterion  of  quality 94,234 

data  from  Maryland  studies. 149- 

151, 166, 167, 178-181, 238, 239, 241 

granitic  rock  concrete  specimens 150, 166 

gravel  concrete  specimens 69,95,97,98, 100, 

101, 103-106, 108, 109, 142, 144, 149, 150, 166 
in  sulphate  water,  as  influenced  by  ce- 
ment   82,83,87 

limestone  concrete  specimens...  69, 99-102, 100, 
107, 109, 149, 150, 166, 178, 179,  238, 239,  241 

oil  cement  specimens 69 

ratios  for  concrete-sulphate  water  test 

specimens 83,86,87 

relation  to— 

modulus  of  elasticity..  165-168, 177-181, 239 

modulus  of  rupture 236 

tensile  strength  at  various  ages 237-241 

sandstone  concrete  specimens 150, 166 

slag  concrete  specimens 149, 150, 166 

trap  rock  concrete  specimens. ..  69, 149, 150, 166 

Yadkin  River  bridge  specimens 187, 193 

of  rock  (granite,  limestone,  sandstone,  trap)        1G8 
see  also  Age— Compression  tests— Compres- 
sive      stresses— Load -deformation 
curves— Modulus,  moduli  (of  vari- 
ation). 


Compressive  stresses:  Page 

in  concrete  arch  (reinforced)  underload 193- 

208, 215-220 
Concrete: 

casting    under    water    as    affecting    bond 

strength 170,171,175,176,183 

constituents,  determination  of  proportions — 

r.  top - 88 

report  by  L.  G.  Carmick. 88-89 

cost  of  materials,  estimating  in  trial  method 

of  proportioning 127,128 

durability — 

as  criterion  of  quality.- 126 

factors  affecting 235 

paving  concrete — 

design  by  water-cement  ratio  method, 

report  by  F.  H.  Jackson 124-12S 

principles  tending  to  improvement  of 

quality  and  reduction  of  cost 236 

qualities  required,  report  by  F.  H.  Jack- 
son  234-236,  241 

plastic  properties,  r 181 

quality,  criteria  of 126, 234 

specifications,  need  for  change  in  trial  method 

of  proportioning 128 

see  also  headings  beginning  Concrete — also 
Absorption,  water— Admixtures— 
A  g  e— A  i  r  pocket  s— B  o  n  d 
strength— Cantilever  beam  tests — 
Capping — Cement — Cement  mor- 
tar— Compression  tests — Compres- 
sive strength — Consistency — Crib- 
bing—Crushed stone  concrete — 
Curing — Deformations — Density — 
Elastic  properties— Expansion- 
Fatigue— Flow— Flow  table- 
Freezing  and  thawing  tests — 
Gravel  concrete— Illinoi  tests — 
Inertia — Johnson,  Dean  A.  N. — 
Length  changes — Limestone  con- 
crete^— Load-deformation  curves- 
Loadings,  repeated— Modulus, 
moduli  (of  elasticity-of  rupture-of 
variation)— Moist  ure — Molds— 
Oil-cement  concrete — Permeabil- 
ity— Poisson's  ratio — Proportion- 
ing— Protectives—  Retaining  struc- 
tures—Sampling— Shoulders — Slag 
concrete — Slump  tests — Storage — 
Stress-strain  relation— Sulphate 
water— Tensile  strength— Thermal 
coefficient — Transverse  tests- 
Trap  rock  concrete— Uniformity- 
Volume  i  change — Water-cement 
ratio— Water  content— Workabil- 
ity. 
Concrete  aggregate: 

character,  relation  to — 

bond  between  cement  and  aggregate  sur- 
faces  124 

scaling,  pavement 235 

strength  of  concrete  (compressive,  flexur- 

al,  tensile)..  124,126,149,150,166,234,236 

workability  and  yield  of  concrete 124 

demonstration  road  investigations 73, 76, 77, 80 

measuring  in  separate  sizes 125, 236 

segregation,  avoidance 125 

size,  large;  advantages 125 

weight,  as  controlling  yield  of  concrete 127 

see  also  Abrasion  f  tests — Concrete*  sand — 
Grading— Mechanical  analyses- 
Proportioning  —  Screenings  — "  So- 
dium '■  sulphate  soundness  test — 
Wear — also  names  of  kinds  of  aggre- 
gate 'and  names  of  properties  of 
aggregate. 
Concrete  arches  (reinforced): 

design,  discussion 185 

loading  tests,  Yadkin  River  bridge- 
report— 

announcement 181 

by  Albin  L.   Gemeny  and  W.  F. 

Hunter,  text * 185-208 

model  analysis — 

by    paper,    brass    wire,    and    celluloid 
models  181,  193-199,  204-220;  front 
cover  of  No.  11. 
report — 

announcement 181 

by  J.  T.  Thompson,  text 209-220, 244 

superstructure,  effect  on  arch  rib 181, 185, 

205-208,210,217,220 
Concreto  bases,  types  used: 
in  experimental  road,  r. — 

bituminous  sections 52, 

59-61,67-09,114,116-123 

brick  sections 52, 65-69, 114, 117, 118, 120, 121 

in  pavements  tested  for  impact 114,116-123 

Concrete  batches: 

minimum  time  required  per  batch,  various 

mixing  periods 94 

number  produced  per  hour,  various  mixing 

periods 93,94 

Concreto  beams,  see  Cantilever  beam  tests- 
Modulus,   moduli   (of  rupture)— 
Transverse  tests. 
Concrete  cores: 

drilling  method,  description 148 

see   also   Capping— Compressive   strength- 
Modulus,  moduli  (of  elasticity- 
of  variation). 
Concrete  cribbing  for  landslido  control: 

ofloctiveness  and  cost lc 


Concrete  cylinders:  Page 

casting  in  concrete  slabs,  forms  for 242 

see  also  Compression  tests — Modulus,  moduli 
(of  elasticity). 
Concrete  foundation  seals  for  cofferdams: 

depth  required  as  affected  by  bond  strength 
between   timber   pile   heads   and 

concrete 169 

Concrete  mix: 

high  sanded  mix  v.  low  sanded  mix 125 

stiff  mix  as  preventive  of  pavement  scaling..      235 
see  also  Concrete  mixing  period — Consistency 
—  Proportioning — Water-cement 
ratio— Water  content. 
Concrete  mixers: 

charging  time,  effect  upon  mixing  time 97-99, 

108,  IO'.i 
efficiency   as   affected   by   concrete   coated 

drum 98  (fn),  99,108 

segregation  of  materials,  effects. 99, 100 

types  used  in  investigations 62,73,95,97-109 

Concrete  mixing  at  central  plant  in  pavement 
construction: 
haul  length,  effect  on  strength  of  concrete..  151, 152 
Concrete  mixing  period,  length: 
effect  upon — 

concrete  mixed  in  standard  pavers,  re- 
port by  J.  L.  Harrison 93-111, 113 

cost  of  concrete  production,  investiga- 
tions        93 

production 93, 94 

minimum  period  recommended...  Ill  (insert),  113 

requirements,  variation  in  States 93 

Concrete  pavements: 

construction  methods— 

as  affecting  quality  of  pavement 235,  236 

efficiency  studies,  r.  top 93  (fn) 

costs  (construction  and  maintenance) — 

as  affected  by  mixing  period.. 93 

estimates  for  costs  of  materials  in  water- 
cement  ratio  design 127, 128 

surface   treated   and   untreated   experi- 
mental roads 52,53,58,^2 

design — 

by  water-cement  ratio  method- 
adequacy - 234 

report  by  F.H.Jackson 124-128 

specifications 128,236 

in  Tennessee 184 

in  Virginia 73 

thickened  edge  design,  demonstration 

road 76 

thickness  of  pavement — 

calculation    on     basis    of    flexural 

strength 235,236 

relation  to  Impact  reaction 120, 121 

destructive  forces,  effects  and  methods  of 

combating 234 

maintenance  methods  and  materials,  sur- 
face treated  experimental  road.  62-G5, 67 

production  as  affected  by  mixing  period 93,94 

see  also  headings  beginning  Concrete,  Sub- 
grade—  also  Belting — Bituminous 
pavements  (bituminous  concrete) 
— Center  strip,  metal— Charts,  re- 
cord—Climatic conditions — Con- 
crete— Condition  surveys  — Con- 
necticut Avenue — Cracks — Crain 
Highway— Cross    sections— Curbs 

—  Curing — Expansion — Finishing 
methods  —  Frost  action — Impact 
tests — Joints — Oil-cement  concrete 
— Planes  of  weakness — Protectives 

—  Scaling — Shoulders  —  Stresses  — 
Surface  treatment— Tractive  resist- 
ance — Virginia  demonstration 
road— Wear— Weathering. 

Concrete  piers: 

movements,  measurement- 
method,  apparatus,  and  readings 189-194 

Concreto  pipe  for  alkali  soils,  r.  to  p 82  (fn) 

Concrete  reinforcement: 

anchorage  to  timber  piles,  tests 169-176,183 

demonstration  road  investigations — 

types,  weights,  quantities  used 73, 75-78,80 

interrelation  of  longitudinal  steel  and  trans- 
verse cracks  in  concrete  roads,  r. 

to  p 234(fn) 

placing,  depth  in  demonstration  road 77,80 

types  used  in — 

bond  test  specimens 169-171 

well  casings  for  landslide  control 156,160 

Yadkin  River  bridge 186,187 

see  also  Deformations— Tensile  stresses— Ton- 
sion  tests. 
Concrete  sand: 

brushing  and  washing,  r 88,89 

mineral  composition- 
chief  constituents  named 88 

influence  on  mortar  strength,  report  by 

E.  C.  E.  Lord 221,222 

Potomac  River  sand,  character 88 

tosts — 

proposed  abrasion  test  investigated,  re- 
port by  D.  O.  Woolf 222-224 

recommendation 224 

routine  tests,  enumeration .--      222 

test  results,  various  sands 221,223 

see  also  Fineness— Grading — Proportioning. 
Condition  surveys: 

Connecticut     Avenue    experimental     road 

(threo  pavement  types) 67,68 
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Condition  surveys — Continued.  Page 
Grain  Highway.  Maryland- 
concrete  curing  methods  experiments 1-15 

Virginia  demonstration  road 80,81 

Connecticut  Avenue,  District  of  Columbia  and 
Maryland: 
construction    and    maintenance    methods, 

report - 49-69 

impact  tests 113-123 

see  also  Bradley  Lane. 
Consistency  of  concrete: 

influence,  demonstration  road  investigations.  73, 81 
relative  consistency,  determination  in  water- 
cement  ratio  proportioning 120 

see  also  Concrete  mix— Slump  tests— Water 
content. 

Consistency  tests  of  soils 1-5 

Conway,  South  Carolina,  experimental  road 24 

Cost  data,  see  Bituminous  pavements— Brick 
pavements— Concrete  cribbing — 
Concrete  pavements— Federal-aid 
road  construction — Grouted  pave- 
ments— Improvement,  highway — 
Maintenance — Power-shovel  op- 
eration—Retaining structures — 
Rural  highway  construction- 
Surface  treatment— Transportation 
costs — Water-cement  ratio  method. 
Counter,  traffic: 

mechanical  traffic  counter,  Denmark —      182 

Covering  material: 

types,  sizes,  spreading  methods  used  on  ex- 
perimental roads ---      24, 

51-53,55-57,60-63,225-230 
Crack  surveys,  see  Condition  surveys. 
Cracks: 

in  concrete  pavements — 

as  caused  by  cracks  in  concrete  gutters. .       59 

as  structural  defects 234 

control — 

by  curing  methods..- 139,145,234 

demonstration  road  investigations. .      73, 

80,81 

effect  upon  impact  reaction 118, 119 

transverse  cracks — 

as  caused  by  tensile  stresses 234 

in  Maryland  experimental  pavement.     145 
interrelation  with  longitudinal  steel, 

r.  to  p 234  (fn) 

in  experimental  road  (bituminous  concrete, 
bituminous  macadam,  brick,  con- 
crete)   55, 57, 59, 60, 65-09 

Crain  Highway,  Maryland:  .  ,„„,,.- 

experiments,  concrete  pavement  curing....  13U-14.J 
Cribbing  for  landslide  control: 

types  and  cost-. ---  154,10. 

Cross-breaking  tests,  see  Transverse  tests. 
Cross  sections: 

of  Bradley  Lane  (bituminous  macadam)  ex- 
perimental road,  graph 231 

of  concrete  pavements— 

Maryland  standard  (Cram  Highway)..      139 

Tennessee  standard 184 

Virginia  demonstration  road 73,74,76 

see  also  Concrete  pavements  (design). 

Crum,  R.  W — 3G 

Crushed  stone,  see  Abrasion  tests— Concrete  ag- 
gregate —  Covering    material  — 
Crushed   stone   concrete— Screen- 
ings— also  names  of  kinds  of  stone. 
Crushed  stone  concrete: 

test  data,  miscellaneous.  80,81,99-104  106-109  149 
150, 166-168, 177-181, 193, 238-241 
see  also  Limestone  concrete— Trap  rock  con- 
Crushing  strength,' see  Compressive  strength. 
Cuban  soils,  r.  to  p 

for  brick  pavements  on  concrete  founda- 
tions- 
design,  experimental  road — 

lip  curbs  for  concrete  pavements,  report  by 
St.  Clair  T.  Thomas- 
designs,  construction  methods,  costs... 
Curing  of  concrete: 

adequate  curing  as  pavement  crack  preven- 
tive. 
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D  Page 

Davis,  George  W.: 

report,  foundation  pile-head  bond  and  anchor- 
age tests 169-170,183 

Deflection  wires,  use  in  Yadkin  River  bridge 

tests 185  (fn),  187,192,208 

Deflections: 

in  bituminous  pavements  under  impact 117 

in  concrete  arch  rib  under  load — 

data  from  Yadkin  River  bridge  tests  and 

model  analysis 185-220,244 

in  motor  truck  tires  in  impact  tests  of  pave- 
ments   115-118 

in  rigid  pavements  under  impact 117,120 

in  springs  (impact  machine)  in  impact  tests 

of  pavements,  computation 115 

relation   to   cushioning   properties   of  sub- 
stances      118 

Deformations: 

in  bituminous  pavements  under  impact- 
measurement,  apparatus  and  readings.  113-123 

relation  to  pavement  temperature 119-121 

in  cement  mortar  under  compression  and 

under  tension 238,240 

in  concrete  arch  rib  under  load — 

data  from  Yadkin  River  bridge  tests  and 

model  analysis 185-220 

in  concrete  cores  from  Yadkin  River  bridge 

arch  rib 193 

in  concrete  test  specimens— 

def.  over  which  measurements  may  be 
made  in  tension  and  in  compres- 
sion      241 

under  compression  and  under  tension...     238, 

240,241 
in  pavements  (various  types)  under  impact- 
measurement,  apparatus  and  readings.  113-123 
in  reenforcing  steel  in  concrete  arch,  Yadkin 

River  bridge  investigations 188-191 

in  rock  cores  (granite,  trap,  limestone,  sand- 
stone) under  compression 108 

in  soils,  r -         3 

see  also  Load-deformation  curves. 
Deformeter  gauges,  see  Beggs  deformeter  gauges. 
Density  of  concrete: 
as  affected  by — 

curing  methods- 145 

mixing  period - -  107, 108 

Deval     abrasion     machine,     Deval     abrasion 

test,  r - 146,  222,  223 

Diabase:  ,    . 

properties  of  d.  used  as  concrete  aggregate  in 

demonstration  road 70 

toughness  as  affected  by  moisture 183 

Disintegration:  .  . 

of  cement  and  of  concrete  specimens  in  sul- 
phate water 84, 80, 87 

of  concrete  pavements,  causes 234,235 

Distillation  test  results:  ... 

of  bituminous  materials  used  in  experimental 

roads 54,00,228 

Distributors,  types  used  in  surface  treatment  of 

various  roads.- 24,  54,  50,63,  227 

Dolomite:  _  ...  ...  lro 

abrasion  and  routine  test  results 146, 147,  lo2 

as  concrete  aggregate— 

relation  to  accuracy  of  Burke  method  of 
determining  constituents  of  con- 
crete        88 

Dowels* 

use  with  joints  and  planes  of  weakness  in  con- 

Crete  demonstration  road 75,  /b,  <& 

Dr£USventive  of  landslides 157-160, 162, 163 

of  ^wf^H^ifi;-^  ll 

Draintile,  concrete: 

investigations,  r.,  r.  to  p 


S2 


Page 

Kno,  Prof.  F.  U.,  r.  to  p 1  (fn) 

Expansion: 

coefficient  of,  see  Thermal  coefficient. 

of  concrete  in  experimental  road,  effects  and 

remedy 65 

Experimental  roads,  see  Bradley  Lane— Colum- 
bia Pike— Connecticut  Avenue— 
Conway,  South  Carolina—  Crain 
Highway— Virginia  demonstration 
road. 
Extensometers,  mirror: 

comparison  with  clamp  extensometers  as  to 

accuracy 164, 165 

description  and  use  in  tests 164, 

165, 168, 179, 193,  239 
r.  to  p 164  (fn),  193  (fn) 


Fatigue  of  concrete: 

as  caused  by  repetition  ofstress.r... 234 

Federal-aid  road  construction,  Federal-aid  proj- 
ects: 
mileages,  costs,  funds — 

statistics,  Feb.  1928-Jan.  1929 - rear 

covers  of  Nos.  1,  2,  5-12 
Feldspar,  see  Mineral  composition. 
Field  studies: 

of  mixing  period  as  affecting  quality  of  con- 

crete 93-111, 113 

Fillers: 

type  used  in  experimental  road 69,60 

Fills,"  earth: 

as  affecting  landslides- 
sliding  nils,  causes  and  methods  of  con- 
trol..  - 153-103 

construction  methods — 

as  affecting  profits  in  highway  grading..  13, 14 

recommendations - -  13, 14, 19 

records  of,  demonstration  road,  r 80 

Fineness,  fineness  modulus: 

of  concrete  sands,  effect  upon— 

smoothness  of  concrete,  r 139, 140 

strength  of  concrete 221 

see  also  Grading— Sulphate  water. 
Fineness  modulus  method  of  concrete  proportion- 
ing, r.,  r.  to  p 125  (text  and  fn) 

Fineness  tests  of  cements: 

apparatus  for,  r.  to  p 84 

results  as  indicating  effect  of  fineness  on  re- 
sistance of  concrete  to  sulphate 

water - 84, 8u 

Finishing  methods,  concrete  pavements: 

demonstration  road  investigations 73, 74, 76, 80 

hand  finishing,  methods  and  equipment,  r..      62, 

76, 140, 141 
machine  finishing,  comparisons  with  hand 

finishing 125,236,241 

Maryland  practice ---- M0 

use  of  lutes  in  prevention  of  scaling 2J5 

Flex-Plane - -"?—  '1,1& 

Flexural  strength,  see  Cantilever  beam  tests- 
Modulus,   moduli   (of  rupture)— 
Transverse  tests. 
Flint  as  concrete  aggregate: 

effect  upon  soundness  of  concreto «» 

Flow  of  concrete  under  sustained  load,  r 234 

F1°*  fjf 126  (fn) 

v  slump  test,  recommendation —      126 

Form  setting  in  construction  of  planes  of  weak- 
method  in  concreto  demonstration  road 78 

Forms,  see  Molds.  .  .    , 

Foundation  pile-head  bond  and  anchorage  tests. 

report  by  George  W.  Davis....-— -.-J"  a 

1         '  176.183:  front  cover  of  No.  9 


forms  for  casting  cylinders  in  slabs -     242 

methods —  ..,.,     „, 

as  affecting  density  or  permeability  of 

concrete L 

investigations—  „.., 

by  Highway  Research  Board -      24. 

field  experiments  (Maryland),  report 
by  F.  H.  Jackson  and  George  Wer^39_145 

ner ,04 

in  Tennessee - --. — ----- 

Virginia  demonstration  road  investi-         ^ 

see  also  Moist  closet. 
Curing  periods,  concrete: 

^IxpeTunental  and  demonstration  roaos.M,  76^ 

various  test  specimens -^V,  mm 

Cushioning  properties  of  pavements 113-123 

Cushions,  sand,  see  Sand  cushions. 

CUtas  affecting  landslides.,.---  W™.  1*100.  ^ 
working  with  fills  in  highway  grading—  1*  w.  '« 


Drilling  of  concrete  cores: 

method  and  apparatus - iua- lia 

Drop,  height  of:                         .                    .  , .,  .„., 

as  affecting  pavement  reaction  to  impact-  113-124 
Dumping  practices,  dumping  time: 

in  highway  grading 9, 10, 13,  iy,  it-w,  ii-*o 

Dust  coated  aggregate,  see  Limestone.  ^ 

Dye  absorption  numbersr<iye"adsorption  tests"  of 

soils l-d,6-8 

Dynamiting,  see  Blasting. 

E 
Earth,  diatomaceous:  , 

as  concrete  admixture,  demonstration  road 

investigations 73, 74,  ,6,78,80 

EMbitam<inous  treatment,  South  Carolina  ex- 

periments -      „u 

tractive  resistance..— - >„  . 

Elastic  expansion  of  soils,  tests 

ElaSforceStent  mortar  specimens  and  concrete 

determination"5  from    low"^™^1}^  181 

valuasT^Mwliadinvwti^ticms.j/l^lJft 

for  rock  cores  (granite,  trap,  limestone,  san'd- 

stone)  under  compression——      i<* 

under  load --^.-—r.'     „.' 

Elasticity,  see  headings  beginning  Elasti.c-afso 
luasuuiy,      Modu]uS|  moduii  (of  elasticity). 


2UI) 


176,183;  front  cover  < 

OXeff°ect'upon  anchorage  of  pile  heads  in  con- 

crete 1'5>  178> liw 

Freezing  and  thawing  of  cement  mortar: 

reduction  in  strength,  relation  to  wear  of 

sands.. *f! 

Freezing  and  thawing  tests  of  concrete «a 

Fresnoes,  use  in  highway  grading « 

Friction,  see  Tractive  resistance. 
Frost  action,  effects:  , 

upon  concrete  pavements  as  modified  by— 

concrete  curing  methods »» 

low  water-cement  ratio -     *>■> 

upon  landslides iw,  ioj 

Fruits  and  vegetables:  m  12R 

marketing  by  motor  truck  92,  \u,  in 

Fuse  plug,  cement  storage  tank:  fll 

details 


Gasoline  consumption  by  motor  vehicles: 

as  affected  by—       .  o,. 

air  pressure  in  tires.. M4 

gauo'nsMandu^^^ 
Gasoline  tax: 

rates,  1927 — - 

^•^Spte^dfs-Sn  of,  refunds,  col- 

lection  costs,  etc - \{"" 

Oaugcs,   see   Beggs   deformeter   gauges-Berry 

strain  gauges. 
Gcmcny,  Albin  L.,  and  W.  F.  Hunter,  report. 
"ding  tests  of  a  reinforced  concrete  arch- 


72 


72 


209 

J--- 185-208 

text 
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Page 
Gilsonite,  use  in  bituminous  macadam  experi- 
ments  52 

Gladwell  method: 

modification  in  bituminous  macadam  ex- 
perimental road 52 

Gneiss,  see  Mineral  composition. 

Goldbeek,  A.  T.,  r.,  r.  to  p 185  (fn),  234  (fn) 

Gowen,  John  W.,  r.,  r.  to  p.  ..  221  (fn) ,  222  (text  and  f  n) 
Grade  crossing  elimination: 

allocation  (Maryland)  from  gasoline  tax  re- 
ceipts, 1927 72  (fn) 

see  also  Improvement,  highway. 
Grading: 

highway  grading,  see  Power-shovel  operation, 
of  concrete  aggregate  (coarse)— 
control — 

importance  in  economical  yield  and 

workability  of  concrete 124, 125 

method,  recommendation 125, 236 

of  concrete  aggregate  (sand)— 
as  affecting — 

abrasion  test  results 222-224 

tensile  strength  ratio 222-224 

wear  of  concrete 125 

control,  method  in  abrasion  test 223 

standard  adopted  in  abrasion  test 223 

see  also    Fineness — Mechanical    analyses- 
Mineral  composition. 
Granite,  granitic  rock: 

as  concrete  aggregate,  effect  upon — 

elasticity  of  concrete ICC,  1C7 

strength  of  concrete . 150,166,236 

test  results  (various) 146,167, 168,183 

see  also  Mineral  composition. 
Granular  material: 

incorporation  in  subgrade  soils,  effectiveness.     233 
Gravel: 

nonuniformity  as  affecting — 

applicability  of  abrasion  test  results...  147, 152 
suitability  of  gravel  as  concrete  aggre- 
gate   147, 152 

soft    particles   in,    percentage   as   essential 

feature  in  gravel  aggregate. 152 

testing  apparatus,  r.  top 147  (fn) 

tests  and  test  results  (various) 146,147,152,236 

see  also  Covering  material— Gravel  concrete. 
Gravel  concrete: 

data  from  experimental  road — 

bituminous  surface  treatment 49, 

50,52,53,58-63,67-69 
Portland  cement  concrete  with  and  with- 
out Oil 49, 50, 52, 53, 58, 59, 63-65, 67-09 

data  from  investigations  of — 

curing  methods,  effects 139-145 

length  of  mixing  period,  effects... 95, 

97-101,103-106,108-111 

modulus  of  elasticity  of  cores. 166,167 

strength  of  concrete  (miscellaneous  test 

results)  ...81, 142-144, 149, 150, 16C,  167, 236 

Gravel  roads,  tractive  resistance 243 

Grooves,  see  Planes  of  weakness. 
Grouted  pavements,  experiments: 

bituminous    macadam,    construction    and 

maintenance  methods  and  costs...      57, 
58,226,228,229 

brick 65,66 

G  utters: 

types  on  experimental  road 49,50,56,57,59,60 

U 

Hardness  test  results  for  rock  (several  types)...  77, 146 

Harris,  Karl,  r.  to  p 3  (fn) 

Harrison,  J.  L.: 

report,  effect  of  length  of  mixing  period  on 
quality  of  concrete  mixed  in  stand- 
ard pavers 93-111, 113 

Haul  length: 

after  mixing,  effect  upon  strength  of  con- 
crete  151, 152 

Hauling  (costs,  equipment,  methods)  in  highway 
grading,sce  Power-shovel  operation. 
Highway  Research  Board  of  the  National  Re- 
search Council: 

concrete  pavement  curing  investigations 242 

see  also  Crum,  R.  W.— Goldbeek,  A.  T. 
Hogentogler,  C.  A.: 

collaborator,  report  of  present  status  of  sub- 
grade  soil  testing 1-8,24 

r.  to  p 73  (fn) 

Hoshall,  H.  B 148  (fn) 

Humidity: 

in  moist  closet — 

control  and  measurement,  apparatus  for.  90-92 

records  of,  r 80,81, 184 

variations  as  affecting  strength  of  concrete..      142 
Hunt  process: 

concrete  pavement  curing  investigations 184 

Hunter,  W.  F.,  see  Gemeny,  Albin  L. 
Hydrometer  method  for  determining  colloidal 

content  of  soils,  r.,  r.  to  p.  8  (text  and  fn) 

Hygrometer,  type  used  in  moist  closet 92 

Hygroscopic  coefficient,  r.  to  p 2  (fn) 

I 

Illinois  Highway  Department,  see  Roman,  F.  L. 
Illinois  tests  of  concrete  beams: 

method,  r.,  r.  to  p 70, 100 

Impact  effects  of  pavement  roughness: 

r - 244 

see  also  Impact  tests. 


Impact  machines:  Page 

for  tests  of— 

pavements,  description  and  r.  to  p...  113  (fn), 
114,  123  (fn) 

rock,  use,  r 183 

Impact  tests: 
of  gravel — 

investigations,  test  results,  r.  to  p 147, 152 

of^pavements — 

effect  of  pavement  type  on  impact  reac- 
tion, report  by  J.T.  Thompson.  113-123 

r.  to  p 113  (fn),  118  (fn),  123  (fn) 

Improvement,  highway: 

Cleveland  regional  plan 129-138, 152, 224 

see  also  Roadside  improvement. 
Inertia,  moment  of: 

combined  m.  o.  i.  of  steel  and  concrete — 

in  stress  computation,  concrete  arch  rib.      215 
in  concrete  arch  rib  under  load — 

in  computations  (various) 200, 

205,  209,  210,  215,  220 
see  also  Cantilever  testing  apparatus. 
Influence  diagrams,  influence  lines: 

plotting  and  application  in  concrete  arch 

analysis 186,204,209,211-210 

Inspectors: 

in  concrete  pavement  construction 236 

Insurance  protection: 

in  fruit  transportation  by  motor  trucks,  r. . .      123 
Intersections,  road: 

effect  upon  traffic,  studies,  r.  top 224 

Inundation  method,  see  Proportioning. 
Iowa  State  College,  Iowa  Engineering  Experi- 
ment Station: 

research 88, 243, 244 

Iowa  State  Highway  Commission: 

test  of  gravel,  r.  to  p 152 

see  also  Crum,  R.  W. 


Jackson,  F.  H.: 

r.  to  p 124  (fn),  147  (fn),  183  (fn),  234  (fn) 

reports — 

design  of  pavement  concrete  by  water- 
cement  ratio  method 124-128 

field  experiments  in  the  curing  of  con- 
crete pavements  (George  Werner 

collaborator) _ 139-145 

qualities  required  in  paving  concrete. .  234-236, 

241 
Johns  Hopkins  University,  see  Thompson,  J.  T. 
Johnson,  Dean  A.  N.: 
articles — 

concrete  in  tension 237-241 

modulus  of  elasticity  of  cores  from  con- 
crete roads 1C4-168 

strength  characteristics  of  concrete. ..  148-152, 

177-181 

r 144 

Joints: 

in  brick  pavement  (experimental)  on  con- 
crete foundation 65 

in  concrete  arches 186, 206, 207, 209, 220 

in  concrete  pavements — 

bituminous  felt  joints,  use  and  investi- 
gations  77,80 

steel  center  joints,  use  and  investigations.      75, 

78,80,81 
types,  influence  upon  riding  qualities  of 

surface,  investigations 81 

types  used  in  experimental  and  demon- 
stration roads 62,75-78,80, 184 

Joseph,  A.  F.,  r.  to  p. 3  (fn) 


Labor  requirements: 

demonstration  road  observations,  r 80 

Ladd,  George  E.: 

landslides  and  their  relation  to  highways 

(report,  Part  2) 153-163 

Lakewood  finishing  machine,  use,  r 73,  74, 76 

Landscape  cutting,  see  Roadside  improvement. 
Landslides  and  their  relation  to  highway*: 

report  (Part  2)  by  George  E.  Ladd 153-163 

Langenberg,  F.  C 151 

Leavitt,  H.  Walter,  r.,  r.  to  p 221  (In),  222 

(text  and  fn; 

Le  Chatelier,  Henri,  r.  to  p 84,  (fnj 

Length  changes  in  concrete  in  sulphate  water: 

relation  to  strength  losses 82,83 

Levenson,  B.  H 3  (fn) 

Lewis  Institute,  see  Abrains,  Lull  A. 
Licenses  and  permits,  motor  vehicle: 

number,  1927 48 

Lime: 

hydrated  lime  as  concrete  admixture 63-65, 

73,  74,  76,  80 
see    also    headings    beginning    Lime— also 
Molasses-lime  mixture— Water  con- 
tent (of  cement  mortar) . 
Lime  content  of  concrete  materials: 

as  basis  for  calculation   of  proportions  of 

constituents  in  concrete 88,89 

see  also  Chemical  analyses  of  cements. 
Lime-silica  index  as  measure  of  cement  quality: 

r.  to  p 85  (fn) 

sulphate  water  test  investigations 85 

Limestone: 

abrasion  and  routine  test  results 146, 147, 152 

as  concrete  aggregate- 
dust  coated  limestone  as  affecting  rela- 
tion   between    concrete    strength 
and  length  of  mixing  period. 99, 100 


Limestone — Continued.  Page 

as  concrete  aggregate — Continued. 

relation  to  accuracy  of  Burke  method  of 
determining  constituents  of  con- 
crete  _. 88 

as  cover  material,  bituminous  treated  roads        56, 
62  (fn),  63,228,230 
as   wearing  Tcourse,    bituminous   macadam 

experimental  roads 51-55, 58, 228 

cuts  in,  as  affecting  landslides 153 

impact  test  results 147,152 

mechanical  analyses 59, 62 

toughness — 

as  affected  by  moisture 183 

see  also  headings  beginning  Limestone — also 
Mineral  composition. 
Limestone  concrete: 

data  from  experimental  road — 

bituminous.surface  treatment..  50,  58-63,  67-69 
Portland    cement    concrete    with    and 

without  oil __ 49, 

50,  52,  53,  58,  59,  61-65,  67-69 

Topeka  type  section 69-61 

data  from  investigations  of—   - 

length  of  mixing  period,  eueets.. 99-102, 106-1]  1 

modulus  of  elasticity  of  concrete. 165- 

168,177-181,239 
strength  of  concrete  (miscellaneous  test 

results)... 99- 

102,   106-111,   149,   150,   165-168,   177-181, 
236-241 
Limestone  dust: 

use  for  Topeka  type  experimental  road 59, 60 

Limestone  macadam  experimental  roads: 

surface  treatment 50-58.225-230,242 

Limits,  test,  see  Elastic  limits— Liquid  limit — 

Plastic  limit— Shrinkage  of  soils. 
Lineal  shrinkage  value(s)  of  soils: 

definitions 2  (text  and  fn),  3 

relation  to  volumetric  skrinkage  values. 8, 

232  (fn) 

tests  and  test  results.. 1,2  (fn),  3,6,8,232,233 

Liquid  limit,  lower,  of  soils: 

definition,  significance,  values 2-8, 24, 232, 233 

test,  practicability 8 

Load-deformation  curves: 

for  cement  mortar  specimens 177,17s,  180 

for  concrete  specimens 1G5-168, 177-181, 193,  238 

for  rock  (four  varieites)  under  compression.  167, 168 
see  also  Deformations— Poisson's  ratio. 
Loading    operation    in    highway    grading,    sec 
Power-shovel  operation. 

Loading  tanks  used  in  bridge  tests 1S7, 188 

Loading  tests,  see  Yadkin  River  bridge  tests. 
Loadings,  repeated: 

effect  upon  cement  mortar  specimens  and  con- 
crete specimens —  179-181 

Loads,  application  methods  and  applied  loads, 
see  names  of  tests  and  names  of 
materials  tested. 
Loess  shoulders,  concrete  pavements: 

protection  by  lip  curbs 112 

Lord,  E.  C.  E.: 

report,  influence  of  mineral  composition  of 

sand  on  mortar  strength 221-222 

Lumnite  cement: 

use  in  concrete  demonstration  road 76 

Lundahl,  R.  R.,  r.  to  p 169  ffn) 

Lutes,  use,  recommendation 235 


M 


Macadam  bases  of  pavements: 

la    cushioning  properties,  impact  test  data 116-121 

in  experimental  roads 49-58, 225-233, 242 

Macadam  pavements: 

surface  treatment,  experimental  roads 49-58, 

225-233,  242 
Magnesium  sulphate,  see  Sulphate  water. 
Maintenance: 

highway  maintenance — 

importance  in  highway  grading  opera- 
tions..  41,47 

investigations,  bituminous  treated  earth 

road 24 

methods  and  costs  (experimental  road 
data) — 

for  several  pavement  types 52, 

53, 57, 58, 63, 67, 228-230 
relation  between  traffic  and  mainte- 
nance costs 58,230 

of  roadside  trees  and  shrubs 26 

Marble,  dolomitic: 

abrasion  and  routine  test  results 146, 147 

Marketing  of  fruits  and  vegetables  by  motor 

truck 92,123,128 

Martin,  F.  J.,  r.  to  p. 3  (fn) 

Maryland  State  Roads  Commission,  cooperative 
experiments: 

curing  of  concrete  pavements 139-145 

see  also  Johnson,  Dean  A.  N. 

Mass  diagrams,  power-shovel  operation 18,19 

Massachusetts  Department  of  Public  Works: 

roadside  improvement 25-36 

Maxwell  theorem  of  reciprocal  deflections: 

application  in  concrete  arch  analysis..  186, 209, 244 
McCullom-Peters  electric  telemeters: 

use  and  r.  to  p 189  (text  and  fn) 

McCullough,  C.  B.,  r.  to  p 92 

McLane,  John  W.,  r.  to  p.. 2  (fn) 
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Mechanical  analyses:  page 

of  concrete  aggregate— 

as  routine  test  (sands) ,  r 2>2  2'>4 

various  test  results 59  0>  77'  ho 

see  also  Grading. 
of  soils— 

r.  top (2fn) 

significance,  limits  of  fractions.. 1-3,8,  24 

Medicine  Lake,  S.  Dak.: 

concrete-sulphate  water  tests,  report  82-87  92 

Merriman,  Thaddeus,  r.  to  p..  .  m  r'fn'i 

Mica  content:  —  -  so  un) 

of  sand,  see  Mineral  composition. 

of  subgrade  soils,  r 1  59  233 

Michigan  Federal-aid  projects: 

data,  concrete  mixing  period  studies  94 

^r-j^w        ^  101,  lOMOiMil,  113 

Middleton,  Howard  E.,  r.  to  p 2  ffnl 

Miller,  Dalton  G.:  K    ' 

article,   resistance   of  concrete   to  sulphate 

water  as  influenced  bv  cement.  82-87,  92 
Milwaukee  Sewerage  Commission: 
.    bond  strength  tests,  wood  piles  in  concrete 

r-.r-.t0P 169  (text  and  fn) 

Mineral  composition  of  sand: 
influence  on  mortar  strength— 

r-top 221  (fn) 

report  by  K.  C.  E.  Lord 221,222 

influence  on  resistance  to  abrasion 223  224 

Missouri  Federal-aid  projects: 

data,  concrete  mixing  period  studies 94 

,,.,.,       ,_.         .  100,109,111,113 

Mixed-in-place  bituminous  treatment,  earth  road.       2 1 
Model  analysis,  see  Concrete  arches. 
Modulus,  moduli: 
of  elasticity — 

of  cement  mortar — 

data  from  Maryland  studies..  177-181,239 

in  tension  and  in  compression 237, 239 

wet  and  dry  specimens  compared ...      179 
of  concrete — 

assumption  in  concrete  arch  analysis.      185 

data  from  Maryland  studies 164-168, 

177-181, 239 
data  from  Yadkin  River  bridge  tests.  193 
determination,  methods...  164, 165, 193, 239 

in  tension  and  in  compression 237, 239 

wet  and  dry  specimens  compared.  179, 193 
of  rock  (granite,  limestone,  sandstone, 

trap) 1C7, 108 

of  steel,  value  used  in  bridge  tests 193 

of  fineness,  see  Fineness, 
of  rupture— 

of  cement  mortar  beams  in  center  and  in 
cantilever  loading,  formula  and  tost 

results.. 70,71 

of  concrete- 
as  affected  by  character  of  aggregate.     124, 
234-236 
as  criterion  of  quality  of  concrete...  91,  231 
data  from — 

concrete    mixing    period    stud- 
ies   100-102,106,107 

demonstration  road  records 81 

field    experiments    in    concrete 

pavement  curing 143 

equivalent  values,  modulus  of  rup- 
ture and  crushing  strength 236 

proposed  investigations  in  concrete 

pavement  curing 184 

unit  flexural  strength  assumed  in 

pavement  design 235 

see  also  Modulus,  moduli  (of  variation) — 
Transverse     tests— Water-cement 
ratio, 
of'variation — 

for  concrete  specimens  in  compression 

and  in  cross-breaking  tests 150-152 

for  steel  in  tension  tests 151, 152 

Moist  closet  and  storage  tank  apparatus,  new: 

report  by  D.  O.  Woolf 90-92 

Moisture: 

effect  upon— 

concrete  pavements,  combating 234 

modulus  of  elasticity  of  concrete. 179 

strength  of  concrete 177, 179, 193 

toughness  of  rock 183 

Moisture  capacity  of  soils: 

influence  upon  subgrade  behavior,  r 1, 233 

Moisture  content  of  soils 1-8, 24, 230 

Moisture  determinations  of  concrete  aggregates, 

r... 80,95 

Moisture  equivalent  of  soils: 

as  affected  by  clay,  silt,  and  sand  fractions.  6, 8, 24 

centrifuge  test  and  test  values 1-3, 5-8, 232, 233 

field  test  and  test  values 1-3, 5-8, 232, 233 

r.  to  p 2  (fn),3  (fn) 

Molasses-lime  mixture: 

use    for    surface    treatment,    experimental 

road 225-227 

Molds,  types  used: 

for  casting  cylinders  in  concrete  slabs 141, 242 

for  various  test  specimens 70, 177, 237 

Moments,  see  Bending  moments— Inertia. 
Mosinee  paper  treatment  of  subgrades: 

use  in  demonstration  road 75,76 

Motion  pictures  of  bridge  tests: 

announcement - - 220 

Motor  vehicles,  see  headings  beginning  Gasoline, 
Traffic— also  Impact  tests— Mar- 
keting— Power-shovel  operation- 
Registration  fees— Registrations- 
Tractive  resistance. 
Mud,  effect  upon  tractive  resistance  of  auto- 
mobiles      243 
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National  Crushed  Stone  Association,  see  Gold- 
beck,  A.  T. 
National   Research   Council,  see  Highway    He- 
search  Board. 
National    Sand    and    Gravel    Association,    see 
.T      T  Walker,  Stanton. 

New  Jersey  State  Highway  Commission- 

concrete  tests,  r.  to  p 124  irn) 

Now  York  Food  Marketing  Research  Council' 
cooperative  survey,  fruit  transport  by  motor 

truck _  123  r^s 

North  Carolina  Stale  Highway  Commission" 'see    ' 
Yadkin  River  bridge  tests. 

O 

Offtakes,  lip  curbs u2 

Oil  cement  concrete  experimenterroad-V."." 50, 

n.,  ....  52,53,59,61-63,68,69 

Oils  and  bitumens: 

analyses 54,60,225,228,229 

costs  (m  surface  treatment) 52  53  230 

use- 
in  concrete  pavement  curing  tests  184 
in   mixed-in-place  treatment    of    earth 

road 24 

la.    in    surface   treatment   of   experimental 

„,,  .  „  r,oad,s - 49-09,225-233,242 

Oklahoma  Federal-aid  projects: 

data,  concrete  mixing  period  studies..     .     98-102, 
™        *     ♦  ■  u-  104-111,113 

Olsen  testing  machine,  use,  r 71 

Oregon  Highway  Commission,  see  McCullough", 

C.  B. 
Organic  matter: 

in  concrete  sand- 
as  affecting  tensile  strength  ratio 222 

tests  for,  r _ __  222  224 

in  synthetic  soil  test  samples '     1 

see  also  Oils  and  bitumens  (analyses). 
Overloading  in  highway  grading,  effects 41 


Page  impact  machine,  use,  r.._ ._      183 

Paper,   see    Mosinee  paper— Paper  model— Tar 

paper. 
Paper  model: 

use  in  concrete  arch  analysis _ 193 

Parallel  routes  as  relief  of  traffic   congestion 

(Cleveland,  Ohio) 132 

Parker's  "Roman  Cement,"  r 243 

Parking  of  cars  as  affecting  traffic  congestion, 

parking  spaces,  r 130, 132-131, 130 

Pauls,  J.  T.,  and  L.  W.  Teller,  r.  to  p 121  (fn) 

Pavers,  see  Concrete  mixers. 

Pee  Dee  River  bridge,  see  Yadkin  River  bridge 

tests. 
Penetration   macadam,  see   Bituminous  pave- 
ments. 
Penetration  of  various  bituminous  materials  1 

in  experiments 24,  54,  00, 228 

Permeability: 

of  concrete  as  affected  by  curing  methods. ..      145 

of  soil,  tests 2,5 

Permits,  motor  vehicle,  see  Licenses. 

Peters,  O.  S.,  r.,  r.  to  p 185  (fn),  189  (fn) 

Petroleum,  see  Oils  and  bitumens. 
Piling: 

pile-head  bond  and  anchorage  tests 169-176, 183 

use  in  landslide  control — 

types,  methods  of  placing,  costs 157, 

160,  101,  163 

wood  piling,  life 160 

Pitch  as  filler  in  concrete  testing  apparatus 237 

Planes  of  weakness  in  concrete  pavements: 

demonstration  road  investigations  and  con- 
struction methods 75-81 

Plantings,  roadside,  see  Roadside  improvement! 

Plants,  wilting  coefficient,  r  to  p 2  (fn) 

Plaster  as  filler  in  concrete  testing  apparatus 237 

Plaster  of  Paris: 

use  in  preparation  of  concrete  test  specimens.     141, 

144, 164, 177 
Plastic  limit,  lower,  of  soils: 

definition,  significance,  values 2-8,24,232 

test,  practicability 8,24 

Plasticity  index  of  soil: 

definition,  significance,  values....  2, 4-8, 24, 232, 233 
Pcisson's  ratio: 

determinations,  cement  and  concrete  in  ten- 
sion       241 

Pope,  S.  S„  r.  to  p - 108 

Population  trends,  see  Improvement,  highway. 
Portland  cement,  see  Cement. 

Portland  Cement  Association,  r.,  r.  to  p.  125  (fn),  234 
Power-shovel  operation  in  highway  grading: 
report  by  T.  Warren  Allen  and  Andrew  P. 
Anderson — 

Parts  2  and  3 9-23,37-47 

Pressure: 

hydrostatic  pressure,  resistance  to  by  con- 
crete foundation  seals  for  coffer- 
dams— 
as  affected  by  bond  between  pile  heads 

and  concrete 169 

spring  pressure,  impact  machine —      115 

see  also  Air  pressure. 
Profilometer  used  in  impact  tests: 

description 113 

Proportioning  of  concrete: 

measuring  of  coarse  aggregates  in  separate 

sizes 125,236,241 


Proportioning  of  concrete— Continued 
methods- 
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inundation  method...  236 

water-cement  ratio  method 124-128,231  "'3*; 

weight  v.  volumetric  proportioning         127'  23G 
quantities  of  materials,  calculation  in  trial 

method  of  proportioning ..  127,128 

ratio  of  fine  to  coarse  aggregate,  principles.  125, 126 

specifications _ 

Proportions  of  constituents  of"  concrete" 

determination,  report  by  L.  O.  Canniek.. 
1  rotectives,  concrete: 

types  and  quantities  used  in  surface  treatment 
of  experimental  road . 
I'uzzolana,  r """      2!3 

Q 

Quartz,  see  Mineral  composition. 

R 

Radiusmeter: 

description,  use,  accuracy. 185  (fn,    |fl 

Railway,  industrial: 

value  in  highway  grading y 

Rainfall,  as  affecting: 

early  strength  of  concrete  slabs 14 1-1 13 

highway  grading  operation- 
resuming  work  after  rain 42  47 

landslides 153^15* 

Randolph,  D.  M 043 

Rattler  loss: 

of  brick  (several  types),  experimental  1 

data 

see  also  Abrasion  tests. 
Record  charts,  see  Charts— Condition  sur- 
veys. 

Rees,  Doctor 213 

Refunds,  see  Gasoline  tax— Registration  fees. 
Registration  fees,  motor  vehicle: 

receipts  and  disposition  of,  1927..  rear  cover  of  No  2 

Registrations,  motor  vehicle,  1927 _. 18 

Reid,  J.  W.,  r.  to  p _ 123  (fn) 

Reinforcement,  concrete,  see  Concrete  reinforce- 
ment. 
Retaining  structures  in  landslide  control: 

types,  costs,  effectiveness 151-158, 100-103 

Revenues,  highway,  see  Federal-aid  road  con- 
struction—Gasoline tax— Registra- 
tion fees. 
Roadside  improvement  in  Massachusetts: 

report  by  R.  E.  Tribou 

Rock: 

abrasion  tests _ 146,  1 1. 

physical  properties,  determination,  r  to  p..  183  1  fn 
see  also  Concrete  aggregate— Covering  ma- 
terial—Mineral comp 
Screenings— Toughness— also  names 
N       of  kinds  of  rock. 
Rock  dust-niolasses-lime  mixture: 

binding  properties. __ 225 

Rolling  methods  and  equipment  in  experimental 

road  construction,  r 

51-53,  55,  57,  65,  225,  22: 

Rolling  resistance  of  automobiles 213.211 

Roman,  F.  I/.,  r.,  r.  to  p ...222  (text  and  fn) 

Kose,  A.  C: 

soil  tests,  r.,  r.  to  p 1  (text  and  fn 

Rosin  as  filler  in  concrete  testing  apparatus 

notations: 

of  concrete  arch  rib  (reinforced)  ui 

computations,  measurements,   determi- 
nations by  model  analysis   with 

comparative  results... ins, 

190-194,   198-200,  209-212,  215-217,  219,  220 
of  concreto  piers — 

measurement  in  bridge  tests 189 

Roughness,  pavement,  as  affecting: 

motor  truck  impact,  r.  to  p 123 

tractive  resistance  of  automobiles 2 1 1 

Rupture,  see  Modulus,  moduli  (of  rupture). 
Rural  highway  construction  and  maintenaiue 
funds: 
allocations,  1927,  from— 

gasoline  tax  receipts 72 

motor  vehicle  registration  fees 

rear  cover  of  No.  .' 

see  also  Federal-aid  road  construction. 

Russel,  Jouetto  C,  r.  to  p 2  (fn) 

Ruts  in  subgrade: 

influence  upon  concrete  slab  behavior,  investi- 
gations  

S 
Sampling: 

of   concrete,    methods   in    concrete   mixing 

period  studies 

of  highway  materials,  r.  to  p 

Sand,  sands: 

rour.ded  sands  as  affecting  landslides 15::. 

use- 
as  cover  material,  r 24,  55  (fn),  ■'< 

in  bituminous  concrete  surface  mixture 
see  also  headings  beginning  Sand — also  Con- 
crete sand — Grouted  pavements- 
Mineral  composition— Proportion- 
ing—Proportions. 
Sand-clay  roads: 

bituminous  treatment,  experiments 24 

Sand  cushions,  sand-cement  cushions: 

for  brick  pavements,  as  affecting  paven 

i  ion  to  impact..  114, 116-118, 120, 121 

use  in  experimental  road 52,65 

Sand  fraction  of  soil: 

as  affecting  various  test  values... 6-8, 24 
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tone: 

abrasion  test  results — - 14(l 

crushing  strength  and  compressive  deforma- 
tions  Ijjjj 

cuts  in,  as  affecting  landslides 153, 154.  159,  IcO 

elasticity,  modulus  of 167,  168 

toughness  as  affected  by  moisture 183 

see    also    Mineral    composition— Sandstone 
concrete. 
Sandstone  concrete: 

compressive  strength 1 M,  iw>,  167 

elasticity - --  loo,  167 

Scaling  of  concrete  pavements: 

causes  and  prevention 145, 23o 

Schist,  see  Mineral  composition. 
Screenings,  stone: 

drying  and  heating,  r "" 

use—  ,„, 

as  aggregate  in  bridge  concrete l»< 

as   cover   material    for   surface   treated 

roads..  50-53,  55(fn),  56, 57, 62(fn),  227,  228 
in  bituminous  concrete  surface  mixture..  __    60 
on  subgrade  of  demonstration  road.  75,  76,  78,  79 
Seal  (-oats  in  bituminous  treatment  of  road  sur- 
faces  51-54,60,62,228 

i;  iiie: 

as  affecting  landslides. 153, 155, 157,  158, 163 

demonstration  road  investigations,  r 70 

Sei  pentine,  abrasion  test  results. 1 '" 

Shale: 

as  affecting  landslides 153-155,  lo7-162 

in  concrete  aggregate,  as  affecting  soundness 

of  concrete - --      235 

underlying  concrete  demonstration  road,  in- 
vestigations, r 79 

see  also  Mineral  composition. 

Shantz,  H.  L.,  r.  to  p.... - 2  (fn) 

Shear: 

in  concrete  arches  (reinforced)— 

data   from    Yadkin    River   bridge   and 

model  investigations. 186, 

193,194,209-216,220 

in  mortar,  resistance  to  as  affected  by  type 

of  s  an  d -  -      222 

Shoulders: 

for  bituminous  macadam  road — 

i  oncrete  shoulders 225,  226,  229, 230-232 

for  concrete  pavements- 
earth  shoulders- 
protection  by  lip  curbs 112 

r 73,184 

Virginia  requirements 73 

types  used  for  demonstration  and  experi- 
mental roads.  73, 184, 225. 226,229, 230-232 
Shi  inkage  of  soils: 

shrinkage  curves,  shrinkage  limits,  shrink- 
age ratios 1-8,24,232,233 

Shrubs,  roadside,  see  Roadside  improvement. 
Shuttling  of  trucks  in  power-shovel  operation: 

advantages.. 39.40 

Silica  content  of  cement: 

as  basis  for  determination  of  proportions  in 

concrete 88,  89 

Silt  content: 

of  concrete  aggregate- 
as  affecting — 

pavement  scaling 235 

tensile  strength  ratio 222 

wishing  test  for,  r 222,  224 

of  soil  as  affecting  various  test  values 3  (text 

and  fn),  6-8, 24.  233 
see  also  Landslides — Mechanical  analyses. 
Sisalcraft: 

use  in  concrete  pavement  curing  tests 184 

Slag  concrete: 

compressive  strength 149,  150 

Slaking  value,  slaking  value  test  of  soils 1  (texl 

andfn),  2,3,5,0,8,24 
Slate,  see  Mineral  composition, 
slump  tests  of  concrete,  results: 

as  indicating  consistency 141, 143 

in  concrete  mixing  period  studies 94-99, 

101-103,106,107,109,110 
in  concrete  pavement  curing  experiments..  141, 142 
see  also  Flow  table. 

Smith,  Alfred,  r.  to  p 2  (fn) 

Smoothness,  concrete  pavement: 

investigations,  r 81 

see  also  Roughness. 
Sodium  silicate: 

use  in  curing  of  concrete  pavements 73, 

74,  76,  78,  139-145,  184 
Sodium  sulphate,  sec  Sodium  sulphate  soundness 
test— Sulphate  water, 
odium  sulphate  soundness  test,  concrete  aggre- 
gate: 

r.  to  p 235  (fn) 

reliability 235 

Soil  analyses: 

Bradley  Lane  subgrade  soils 232 

Soil  constants,  tests  determining 1,8 

Soil  grains,  size  and  shape: 

influence  upon  test  values 1-8,24 

Soils: 

classification,  r.,  r.  to  p 1  (text  and  fn) 

Cuban  soils,  r.  to  p 92 

identification  (field),  basis  in  new  grouping 

of  soils,  research 1 

mechanical  properties,  determination 2,5,8 


Soils— Continued.  PaEe 

tests  and  test  results — 

field  tests,  simplified  tests,  final  tests- 
discussion - 1"|-  24 

interrelation 5-8,  24 

present  status  of  subgrade  soil  testing, 
report  by  C.  A.  Hogentogler,  Dr. 
Charles  Terzaghi,  and  A.  M.  Win- 

termyer— - --  1~8>  24 

r.  to  p 1  (fn),  2  (fn),  3  (fn),  4  (fn),  8  (fn) 

various  test  results. 4-8, 232,  233 

see  also  headings  beginning  Soil,  Subgrade. 
Soundness  test,  see  Sodium  sulphate. 
South  Carolina  Federal-aid  and  State-aid  proj- 
ects: 

data,  concrete  mixing  period  studies 104, 

106,109-111,113 
Specific  gravity: 

of  rock  (several  varieties) 140 

of  soils — 

computation,  method 4 

see    also    Bituminous    materials  .  .  .  (anal- 
yses)—Water-cement  ratio  method . 
Spikes  in  pile  heads  in  concrete: 

effect  upon  bond  strength,  experiments 1/0, 

171, 173-175.  183 
Sprays,  see  Moist  closet. 

Stage  construction,  advantage -      242 

Static  load  tests  of  gravel: 

investigations,  r.,  r.  to  p --       152 

Statistical  laws  showing  interrelation  between 

soil  tests - - ---  5,8,24 

Steam  shovels,  see  Power-shovel  operation. 
Steel,  see  headings  beginning  Steel — also  Anchor- 
age tests— Concrete  reinforcement- 
Planes  of  weakness— Tension  tests- 
Wear  (of  steel  bits). 
Steel  bars: 

effect  upon  anchorage  of  pile  heads  in  con- 
crete  173, 175, 176,  183 

Steel  chains,  nonskid: 

as  affecting  pavement  wear,  r 236 

Steel  rails,  use  in  landslide  control: 

as  concrete  reinforcement 160 

as  piling - ---      )IU 

Steinberg,  S.  S - --  148  (fn) 

Stone,  see  Chips— Concrete  aggregate— Crushed 
stone  concrete  —  Rock  —  Screen- 
ings—Stone base— also  names  of 
varieties  of  stone. 

Stone  base,  demonstration  road,  r._ 73 

Storage: 

of  capped  concrete  cores,  method  in  Mary- 
land tests 148 

see  also  Curing  of  concrete— Moist  closet. 
Strain,    see    Load-deformation    curves— Stress- 
strain  relation. 
Strain  gauges: 

use  in  tests,  r 185  (fn),  191 

Stream  gradients,  r.  to  p 92 

Strength,  see  Bond  strength  <.\  ;nprc  n 
strength — Modulus,  moduli  (of 
rupture)— Tensile  strength— Trans- 
verse tests. 
Stress-strain  curves,  see  Load-deformation  curves. 
Stress-strain  relation  in  concrete  cores  under  com- 
pression: 

Maryland  investigations 164-168 

Stresses: 

in  cement  mortar  beams  in  cantilever  test...  70, 71 
in  concrete  arch  rib  (reinforced)  under  load — 
computations,   measurements,   determi- 
nations by  model  analysis,  with 

comparative  results 185-220 

in  concrete  pavements... 234,235 

in  reinforcing  steel  of  concrete  arch — 

measured  and  computed  stresses  com- 
pared  200 

in  steel  bars,  transfer  to  concrete  and  to  pile 

in  anchorage  tests 17ti,  183 

Structural  Materials  Research  Laboratory,  see 

Abrams,  Duff  A. 
Subgrade  conditions: 
effects  upon — 

pavement  conditions,  investigations  and 

r 1.  53,  56,  57,  66. 73-81, 145.  230-233.  242 

tractive  resistance  of  automobiles 243,244 

Subgrade  resistance  to  expansion  and  contraction 
of  slab  as  cause  of  concrete  pave- 
ment stresses 234 

Subgrade  soils,  see  Soils. 

Subgrade  surveys,  r 1, 79-81, 145,  230 

Subgrade  treatment: 

experiments 75,76,78-81,184 

Sulphate  water,  action  of: 

resistance  to,  by  Portland  cement  concrete  as 
influenced  by  the  cement — 

report  by  D  alton  O .  M  iller 82-87. 92 

Surface  treatment  of  roads: 

methods,  costs,  serviceability — 

data,  concrete  experimental  road 49, 

50,  52,  59-63,  67-69 

data',  macadam  experimental  roads 49-58, 

67.  225-233,  242 

success,  factors  affecting 233,242 

see  also  Mixed-in-place  bituminous  treatment. 

Surveys,  see  Bridges— Condition  surveys— Fruits 

and       vegetables — Improvement, 

highway— Subgrade         surveys — 

Traffic  studies. 

Swinton,  Prof.  R.  S 243  (fn) 
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Tar  paper  treatment  of  subgrades: 

experiments 75, 76,  78, 79, 184 

Tars,  see  Oils  and  bitumens. 

Taylor,  J.  H ----  25,26 

Telemeters,  electric: 

description    and    readings,    concrete    arch 

tests 185  (fn), 

189-191, 193-202, 208, 210. 216,  218, 219 

Teller,  L.  W.,  r.  to  p 113  (fn),  118  (fn),  121  (fn) 

Temperature: 

air  temperature — 

control  apparatus,  moist  closet 90  92 

low  temperature  as  unfavorable  for 
bituminous  pavement  construc- 
tion, r ---  50,  60,  61 

of  concrete  at  time  of  depositing — 

demonstration  road  records,  r 80, 81 

of  motor  vehicle  tires  as  affecting  rolling  re- 
sistance       244 

of  oils,  application  temperature  in  surface 

treatment  of  experimental  road 225 

pavement  temperature,  effect  upon  impact 

reactions 119-121 

testing  temperatures  (various) — 

r_ 3.  8,  86,  88,  90 

see  also  Bituminous  materials  ...  (analy- 
ses). 
Temperature  coils  used  in  bridge  tests,  r...  185  (fn),  191 
Temperature  corrections  for  instruments  used  in 

bridge  tests 191,208 

Temperature  movements  of  points  in  suspended 

wires  (in  bridge  tests) is? 

Temperature  observations  and  records,  r 80, 

81,91,92,142,184,211 
Temperature  variations: 

effects  upon  concrete  arch  rib  under  load 187, 

194, 195,  205,  206,  208 

effects  (various),  r... 3,90-92. 

119-121, 142, 143, 187,  211-213,  220,  234 

Templates,  types  used,  r 7ti,  140 

Tennessee  Department  of  Highways  and  Pub- 
lic Works: 

concrete  pavement  curing  tests 184 

Tennessee  Federal-aid  project: 

data,  concrete  mixing  period  studies..  101, 103,  106 
Tensile  strength: 

of  cement  mortar— 

as  affected  by  sulphate  water 85, 92 

comparison  with  compressive  strength.  237-241 
ratios,  as  affected  by — 

grading  of  sand 221,224 

mineral  composition  of  sand 221-223 

of  concrete — 

as  affected  by- 
aggregate  character,  r.,  r.  to  p 124, 

234  (text  and  fn),  235,  230 

water-cement  ratio 121,  234 

as  criterion  of  quality 234 

in  reinforced  concrete  arch  under  load — 
assumptions  in  compressive  stress 

computations 197-200, 205, 2 1 8, 2 1 9 

relation  to — 

compressive  strength  at  various  ages    237- 

241 
transverse  cracking    in    pavement 

slab,  r.,  r.  to  p 234  (text  and  fn) 

see  also  Age— Tensile  strength  test  ratio. 
Tensile  strength  test  ratio  of  concrete  sand: 

as  index  of  concretemakingpropertiesof  sand.      222 
Tensile  stresses: 

in  concrete  arch  (reinforced)  under  load 194- 

208,  215-220 
in  concrete  pavements— 

as  cause  of  transverse  cracks 234 

as  caused  by  natural  forces 234 

in  steel  reinforcement  of  concrete  arch  under 

load. 197, 200, 205 

Tension  tests: 
of  concrete- 
method,  apparatus,  test  results  (Mary- 
land studies) —  237-241 

of  steel- 
modulus  of  variation 151,152 

reinforcing  steel,  Yadkin  River  bridge...      187 
see  also  Anchorage  tests— Tensile  strength. 

Terias  mortar --      243 

Terzaghi,  Dr.  Charles: 

collaborator,  report  of  present  status  of  sub- 
grade  soil  testing 1-8,24 

r.  to  p Kfn),  3(fn),  4(fn) 

Terzaghi  tests  of  soils - ---  1-8,24 

Tests  and  testing  apparatus,  see  names  of  tests — 
names  of  materials  tested— names 
of  instruments  and  machines. 
Texas  Federal-aid  projects: 

data,  concrete  mixing  period  studies 95- 

98, 100, 101, 103, 108-111, 113 
Thawing,  see  Freezing  and  thawing. 
Thermal  coefficient  of  expansion: 

of  concrete  (in  bridge  tests) 191,193 

of  metal  of  telemeter 191 

Thermometers: 

method  of  placing,  in  bridge  tests 187,191 

Thermostat,  type  used  in  storage  tank 90 

Thickness,  pavement,  see  Concrete  pavements- 
Cross  sections. 

Thomas,  M.  D.,  r.  to  p - 3  (fn) 

Thomas,  Professor  (University  of  Texas) 107 
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Thomas,  St.  Clair  T.:  pa£e 

report,  lip  curb  for  concrete  pavement. 112 

Thompson,  J.  T.: 

r 185  (fn) 

reports- 
effect  of  pavement  type  on  impact  reac- 
tion  113-123 

model   analysis   of  reinforced   concrete 

arch 209-220 

Thrusts  in  concrete  arches  (reinforced): 

data  from  Yadkin  River  bridge  tests  and 

model  analysis.    186, 193, 194,  209-216, 220 
Tires,  motor  vehicle: 

air  pressure  in,  as  affecting  tractive  resistance.     244 

life  as  affected  by  air  pressure. 244 

truck  tire  type  for  use  in  highway  grading...  39-41 
Topeka  type  pavements: 

Connecticut  Avenue  experiments..  52,53,59-61,68 

cushioning  qualities  (impact  tests).. 113-123 

Toughness  of  rock: 

as  affected  by  moisture 183 

test  values,  several  varieties  of  rock.  76, 77, 146, 147 
Tractive  resistance  of  automobiles: 

Iowa  report,  summary  and  r.  to  p 243,244 

Tractors,    see    Power-shovel   operation— Regis- 
tration fees— Registrations. 
Traffic: 

highway  bridge  traffic,  r.  top 92 

highway  traffic — 

relation  to  motor  vehicle  registration 133 

transverse  distribution — 

studies,  r.,  r.  to  p 130,224 

Traffic  bound  roads: 

as  affecting  operating  costs  of  motor  vehicles.      244 

as  foundations  for  surface  courses 242 

Traffic  capacity  of  2-lane  roadway 134 

Traffic  congestion,  relief  measures,  types 132 

Traffic  counter,  mechanical  (Denmark) 182 

Traffic  density,  definition. 131  (fn) 

Traffic  studies: 

Bradley  Lane  experimental  road 229,230 

Cleveland,  Ohio,  regional  area 129-138,152.224 

Connecticut  Avenue  experimental  road...  49, 57, 58 
Transportation,  highway: 

as  factor  in  marketing  of  fruits  and  vege- 
tables  92,123,128 

Transportation  costs  as  affected  by: 

compaction  of  traffic-bound  roads 214 

tractive  resistance  of  automobiles 243 

Transverse  tests  of  concrete: 

comparison  with  compressive  tests,  r.  to  p- .  100  (m) 

test  results,  various.... 81,139-143,151,  179 

see  also  Modulus,  moduli  (of  rupture). 
Trap  rock:  .       ,  , 

crushing  strength  and  compressive  deforma- 
tions       lr,j- 

elastic  properties - --  167, 168 

toughness  as  affected  by  moisture iw 

see  also  Screenings— Trap  rock  concrete. 
Trap  rock  concrete: 

data  from  experimental  road 50, 59, 02-05, 67-69 

elasticity -------  166-168 

strength - 150,160,107,256 

Treadaway,  S.  J : -- Jl) 

Trees,  roadside,  see  Roadside  improvement. 

Tremie,  use,  r 1'"  173< 17d 

Trenching  machines: 

use  in  landslide  control,  recommendation 103 

Trial  method,  concrete  design,  see  Water-cement 

ratio  method. 
Tribou,  R.  E..  report: 

roadside  improvement,  Massachusetts. Zo-6b 


Tropical  Plant  Research  Foundation,  r.  to  p. 
Two-lane  roadways,  traffic  capacity 
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Uniformity  of  concrete 
as  affected  by- 
length  of  mixing  period..  90,  99, 101, 108,  111,  113 
measurement  of  coarse  aggregate  in  sepa- 
rate sizes 236,241 

uniformity  of  materials  employed.. 128 

University  of  Maine,  see  Gowen,  John   W.— 

Leavitt,  H.  Walter. 
University  of  Maryland,  see  Johnson,  Dean  A.  N. 
University  of  Minnesota,  see  Miller,  Dalton  G. 
University  of  Missouri: 

concrete  test  cylinder  breaking 95,  104 

University  of  Texas: 

density  determinations,  concrete  cylinders..      107 


Variation,  modulus  of,  see  Modulus. 

Vegetables,  marketing  by  motor  truck 92, 123,  lis 

Vibrolithic  concrete,  see  Virginia  demonstration 

road. 
Virginia  demonstration  road: 

r.  top... 73  (fn) 

report  by  A.  C.  Benkelman 73-81 

Voids: 

in  concrete  aggregate  and  in  concrete..  125, 145, 230 
Volume  change: 

in  concrete,  as  measure  of  alkali  action — 

r.  to  p 83  (fn) 

tests  results .—  82,83,87 

in  soils 1-8,  21 

Volumetric  change  in  soils: 

in  contradistinction  to  "volume  change".-   2  (fn) 

test  and  test  results 1-3,  .5-8,  232 

Volumetric  proportioning,  see  Proportioning. 

W 


Wagon  supply,  see  Power-shovel  operation. 

Walker,  Stanton,  r.,  r.  to  p 127  (text  and 

Walls,  retaining,  see  Retaining  structures. 

Warrenton   Turnpike,   demonstration  road 73- 

W ashing  tests  of  concrete  sand,  r --  222,: 

Water,  see  headings  beginning  Moisture,  Water— 
also         Absorption— Landslides- 
Moist    closet — Rainfall— Seepage 
Water-cement   ratio   method   of   proportioning 
pavement  concrete: 

effect  upon  specifications -- 

efficacy - 234,: 

report  by  F.  11.  Jackson --  124- 

Water-cement  ratio  of  concrete: 

as  governing  strength  (tensile,  fiexural,  com- 
pressive) of  concrete 120, 

computation   in   demonstration   road    con- 
struction  

in  various  test  specimens ...  ---  - 

95,  97-99, 101-104,  106, 10/,  109, 

recommendations '-,,;'' 

Water  content:  . 

of  cement  mortar,  importance  (letter,  181/;.. 
of  concrete—  ,   t    ,. 

influence,  demonstration  road  studies.. 

influence  upon  strength ....---  141- 

uuiformity  as  affected  by  measuring  of 
aggregate  in  separate  sizes..- . 
see  also  Concrete  mix— Slump  tests— Water- 
cement  ratio. 
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Watertown  Arsenal,  see  Langenberg,  F.  C.  Page 

Waterways,  r.  to  p 92 

Weakness,  planes  of,  see  Planes. 
Wear: 

of  brick  (several  types),  test  results 66 

of  concrete  aggregates- 
sands— 

limit  for  good  sands  224 

relation  to  strength  of  mortar  after 

freezings  and  thawings 224 

tests  for,  r.  to  p 222  (fn) 

of  concrete  pavements— 

as  affected  by  grading  of  sand.-  .. 

as  criterion  of  quality..  121 

of  crushed  rock  and  hand  broken  rock,  com- 
parative results-  ....  in 
of   rock    (several    varieties)    and    synthetic 
gravel,  comparative  results-.  ..  141 

of  steel  bits  in  drilling  of  concrete  cores 

Weather  conditions: 

records  (demonstration  road) - 

Weathering: 

effects  upon  concrete  pavements  as  modified 
by- 
curing  method,  studies 

trial  method  of  proportioning 

of  sands 222 

of  soils  and  rocks  in  landslide  areas —  153,  155 

Wedges  in  pile  heads  in  concrete: 

effect  upon  bond  strength.  

Weighing  cells  used  in  bridge  tests     ..   185  (fn),  187, 188 
Weight  method,  see  Proportioning. 
Well  casing  for  landslide  control: 

use  and  costs 

Werner,  George  (collaborat  or) : 

report,  field  experiments  in  concrete  pa 

ment  curing 13! 

Wheatstone  bridge: 

use  in  bridge  tests '91 

Widening  of  highways,  see  Improvement,  high- 
way. 
Wintermyer,  A.  M.: 

collaborator,  report  of  present  status  of  sub- 
grade  soil  testing 

r.  top 1  (fn) 

Wires,  suspended: 

use  in  measuring  deflections  of  concrete  arcn 

rib  under  load..  185  (fn),  is:,  190,  192,208 

Wood's  metal,  use  in  fuse  plug 91 

Woolf,  D.  O.,  reports: 

abrasion  test  for  sand 222-224 

abrasion  tests  for  stone  and  gravel 146-147,  152 

cantilevertestingapparatus.il!-  -  70-71 
new  moist  closet  and   storage  tank    appa- 
ratus  — 

Workability  of  concrete: 

factors  affecting so,  121, 

tests  for,  r — - --         f> 

Worth,  V.  J 213  (fn) 

T 

Yadkin  River  bridge,  description 186,  187,212 

Yadkin  River  bridge  tests: 

advisory  committee 185  (text  and  in) 

announcement 

loading  tests,  report  by  Allan  h.  Gcmcny 

and  W.  F.  Hunter 
model   analysis,   report   by    ,).  T.  Thomp 

son ' 

motion  picture,  announcement. 220 


